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Tailoring Plasmonic Bimetallic Nanocatalysts Toward 
Sunlight-Driven H2 Production
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Hybrid nanoparticles combining plasmonic and catalytic components have 
recently gained interest for their potential use in sunlight-to-chemical energy 
conversion. However, a deep understanding of the structure–performance 
that maximizes the use of the incoming energy remains elusive. Here, a suite 
of Au and Pd based nanostructures in core–shell and core-satellites con-
figurations are designed and their photocatalytic activity for Hydrogen (H2) 
generation under sunlight illumination is tested. Formic acid is employed as 
H2 source. Core-satellite systems show a higher enhancement of the reaction 
upon illumination, compared to core–shell ones. Electromagnetic simulations 
reveal that a key difference between both configurations is the excitation of 
highly localized and asymmetric electric fields in the gap between both mate-
rials. In this scheme, the core Au particle acts as an antenna, efficiently cap-
turing visible light via the excitation of localized plasmon resonances, while 
the surrounding Pd satellites transduce the locally-enhanced electric field 
into catalytic activity. These findings advance the understanding of plasmon-
driven photocatalysis, and provide an important benchmark to guide the 
design of the next generation of plasmonic bimetallic nanostructures.
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combustion processes, through its green 
exothermic reaction with oxygen (O2).[2–4] 
The large, and growing global demand 
for H2 is currently met by electrolysis of 
H2O and methane reforming.[5] Both reac-
tions require energy input, which, in turn, 
drives the search for sustainable energy 
sources.[6–8] Solar energy has recently 
shown strong potential to enable this reac-
tion at scale and sustainably.[9] The capture 
of solar energy and subsequent conversion 
into chemical energy can be facilitated by 
suitably-engineered nanostructures. The 
characteristic light-harvesting properties of 
plasmonic nanoantennas make them ideal 
candidates for such applications.[10] Nano-
particles formed with plasmonic materials 
such as Au, Ag, Al, or Cu interact reso-
nantly with light in the visible and near-IR 
region, through the excitation of localized 
plasmon resonances (LSPR). These reso-
nances coincide with the spectral range 
where the sun presents the maximum in 

its light emission profile.[11–14] The resonant excitation of the 
free electron gas of these metallic nanoparticles by incident 
light, leads to locally-enhanced electric fields, generation of hot 
carriers and local heat. Each of these effects has been proposed 
to accelerate chemical reaction rates at the nanoparticle sur-
face.[15–21] Although these plasmonic materials display enhanced 
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1. Introduction

The past few decades have witnessed a global search for 
clean and renewable energy sources, such as hydrogen (H2).[1] 
Hydrogen benefits from a relatively high energy density and 
has already found successful applications in fuel cells and 
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catalytic properties upon illumination, they are intrinsically 
poor catalysts compared to other metals. Essentially, this is due 
to the fact that their Fermi level lies in an s-band. Conversely, 
metals where the Fermi level falls in a d-band (Pt, Rh, or Pd) 
have historically shown a superior affinity to bind molecules, 
owing to the better hybridization between the d-band of these 
metals and the lowest unoccupied molecular orbitals (LUMO) 
of the adsorbates.[6,22–24] This motivates the design of hybrid 
materials aiming to combine the light harvesting properties 
of plasmonic nanoparticles, with the catalytic properties of the 
d-band metals.[25–29]

Understanding the physical and chemical factors that dictate 
the efficient transfer of energy, from plasmon-enhanced light 
absorption to the active catalyst sites is a central open question 
for the future development and success of the field.[30] It is 
not sufficient to simply combine good energy harvesters—a 
plasmonic particle—, and good charge injectors—a catalytic 
metal—, one must also consider carefully how they interact.[26] 
A successful combination of both materials should be engi-
neered to exploit the plasmon excitation for both its light-har-
vesting properties, but also for the conversion and transfer of 
energy to the catalyst surface where reactions takes place.[31] 
Injection of plasmonic hot-electrons into a catalytic mate-
rial has been reported for core–shell structures,[16,32] near-field 
induced enhanced absorption on catalytic metals for core-sat-
ellites,[33–36] and even temperature-induced reactions (via lattice 
phonons) for self-assembled structures.[37] In all these reported 
structures, the spatial arrangement of the plasmonic—cata-
lytic pair is crucial for the energy flow optimization: some of 
the pathways need metals to be either in direct contact, to be 
separated by small gaps or to be well separated; others even 
require metals to be mixed at the atomic scale (alloys). There 
is currently little clarity as to which of these designs leads to 
the most efficient redistribution pathway of the energy har-
vested by the plasmonic particle and transduced by the catalytic 
material. The design rules leading to the most efficient hybrid 
plasmonic catalysts are still largely unknown and form arguably 
one of the greatest current challenges nowadays in the field, 
despite considerable progress on both experimental and theo-
retical fronts.[33,38,39] Hence, the aim of this study is to tackle the 
unresolved question of which of the aforementioned structures 
energizes the catalytic metals the most.

In this work, we carefully designed experiments to compare 
four different combinations of Au and Pd components for H2 
generation under simulated sunlight illumination conditions. 
Formic acid (FA) decomposition was chosen as a model reaction. 
While Au was used as the plasmonic metal for its remarkable 
chemical stability, Pd was chosen as catalytic material since it 
presents a large activity for the target reaction. Au@Pd and Au@
AuPd core–shell and their corresponding core-satellites config-
uration were fabricated using previously synthesized Au nano-
spheres (Au NS) as building blocks. The surface chemistry of 
the catalysts was tuned in order to minimize differences among 
the systems and to properly assess the light harvesting efficiency. 
Thus, the remarkable control on the catalysts architecture, reac-
tion conditions, and the surface chemistry of the catalysts, as 
well as the convection conditions, enabled us to focus on which 
structure maximizes the sunlight absorption and catalytic perfor-
mance. This comparison was conducted by always comparing 

the dark versus light conditions of the same catalyst, instead 
comparing the architectures between them. Clear differences 
in photocatalytic performance were observed depending on the 
geometry of the structures. We carried out electromagnetic sim-
ulations to gain physical insight into how light is absorbed in 
the bimetallic structure, mapping the location of electromagnetic 
hotspots leading to the generation of hot carriers. Based on the 
simulated spectra of light absorption, we performed wavelength 
and power dependent experiments that unraveled the role of 
both hot electrons and hot holes when assisting the FA dehy-
drogenation. These insights can be used to guide the design of 
improved light harvesting materials for photocatalysis.

2. Results

2.1. Characterization of Bimetallic Nanocatalysts

Figure  1 includes an illustration of the four bimetallic cata-
lysts considered as well as the characterization of representa-
tive nanoparticles. The Au NS, which serve as the optical 
antenna in every catalyst, were synthesized via a seed-mediated 
approach (Experimental Section), yielding spherical particles 
whose average diameter was estimated to be 61  ±  1 nm by 
transmission electron microscopy (TEM) (Figure  S1, Sup-
porting Information). The Au antennas were further used for 
the synthesis of hybrid structures, with either a homogeneous 
shell or small satellite particles added onto the core particle. 
A detailed description of the employed syntheses are given in 
Experimental Section.

Concerning the Au@Pd core–shell structure, we success-
fully deposited a very thin Pd shell (Figure  1e) on top of the 
Au NS used as templates. The thickness was estimated to 
be 1 nm by comparing both Au NS and Au@Pd mean sizes 
from their respective size distributions (Figure S2, Supporting 
Information). The material composition of core–shell particles 
was studied by energy-dispersive X-ray spectroscopy (EDS). As 
expected, the obtained map confirmed the presence of Pd only 
at the surface of the nanocatalyst (Figure  1i). Individual maps 
are provided in Figure S3a, Supporting Information.

As for the Au@AuPd core-bimetallic shell, the TEM 
(Figure 1f) confirmed an increase in the diameter up to 64 nm 
due to the reduction of both Au and Pd precursors onto the Au 
core particle. EDS elemental mapping (Figure  1j, Figure  S3b, 
Supporting Information) confirmed the presence of both 
metals at the surface. The average composition of the shell at 
the surface was determined by electrochemical characteriza-
tion. The shift of the AuPd alloy shell reduction curve to a lower 
potential than the monometallic counterpart is typical for AuPd 
alloy with a composition of around 1:1 (Figure S2e, Supporting 
Information).[40,41] The ICP-AES analysis confirmed an Au-to-Pd 
ratio of 1:1 for the shell (Table S2, Supporting Information). 
This alloy has been shown to be the most reactive surface 
among the possible alloy compositions.[42,43]

As an alternative configuration to the continuous shells of  
Au@Pd and Au@AuPd, we also considered core-satellites (or 
antenna-reactor) structures, in which there is a physical gap in 
between the core and the satellites. This alters completely the 
decay pathways for captured light, and results in very different 
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photocatalytic activity, as we demonstrate below. For the two 
antenna-reactor configurations, a full satellite (or reactor) char-
acterization was first performed. The monometallic Pd satellite 
mean diameter was determined to be 5 nm ± 1 nm, whereas 
the AuPd satellite was estimated to be 6 ± 1 nm. The colloidal 
synthesis of the bimetallic satellites yielded small Au nanopar-

ticles coated with a thin Pd shell, confirmed by EDS analysis 
(Figure S4d, Supporting Information). Additional characterization 
of the satellites is provided in Figure S4, Supporting Information.

Electron microscopy confirmed the successful attach-
ment of small Pd NPs to Au NS (Figure  1g, Figure  S6a, Sup-
porting Information), achieved by solvent-induced electrostatic 

Figure 1. Schematic view of the four catalyst structures. Chemical and optical characterization. a–d) 3D representation of the catalysts used in the 
photo catalytic experiments. e–h) Bright-field TEM images of representative nanoparticles. The sizes were estimated to be 61 ± 1, 63 ± ~2, and 64 ± ~2 nm  
for Au NS, Au@Pd, and Au@AuPd, respectively. Pd and AuPd satellites are ≈5 nm in diameter. Scale bars in BF TEM images: 50 nm. i–l) EDS elemental 
maps of representative nanoparticles. Green and red represent Pd and Au, respectively. Scale bar in EDS images: 20 nm. m–p) Acquired UV–vis spectra 
for all the catalysts. The bare AuNS spectra are represented by the red dashed line. Extinction spectra are normalized at 400 nm.
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self-assembly. This structure was named as Au-Pd core-sat-
ellite. The assembly relies on the electrostatic attraction, but 
also requires EtOH to partially destabilize the cetyl trimethyl 
ammonium bromide (CTAB) bilayer at the Au surface.[44,45] The 
remaining CTAB molecules strongly interact with the oppo-
sitely charged satellites, driving the assembly. As expected, 
EDS analysis reveals the presence of Pd satellites (green spots, 
Figure 1k). From scanning transmission electron microscopy in 
high-angle annular dark field (STEM-HAADF) images and EDS 
maps, the satellite density was estimated to be ≈50 Pd satellites 
per Au NS (Figure S5, Supporting Information).

Following the same methodology, AuPd satellites were also 
successfully assembled onto the surface of Au NS. Analogously, 
we named it Au-AuPd core-satellite. TEM images show darker 
satellites due to the larger contrast of Au (Figure  1h). Corre-
spondingly, elemental mapping confirmed the presence of Au 
in both the core and the satellites, the latter coated by the thin 
Pd shell (Figure  1l, Figure  S6b, Supporting Information). The 
homogeneity throughout the core-satellites samples is shown 
by scanning electron microscopy (SEM) images provided in 
Figure S5, Supporting Information.

The four catalysts were also characterized optically with 
UV–vis extinction spectroscopy (Figure 1m–p). Both core–shell 
structures (Au@Pd and Au@AuPd) showed a typical broader 
and blue-shifted peak compared to bare Au NS (red dashed 
line) due to the presence of Pd in the shell, which is more 
lossy material than Au.[32,46] The alloyed shell also showed a 
damped plasmon, as a very low amount of the catalytic metal 
strongly affects the decay pathway.[32] Concerning the Au–Pd 
core-satellite nanostructure, the plasmon resonance was red-
shifted and broadened compared to signal of AuNS, as previ-
ously reported for this type of systems.[47] The red shift happens 
due to changes in the dielectric function in the near-environ-
ment of the plasmonic antenna. Finally, the same behavior was 
observed for the Au-AuPd core-satellite catalyst, although with 
a larger broadening than Au–Pd, which could be attributed 
to a broader size distribution. The well-defined resonances of 
the hybrid structures evidenced the stability of the colloids in 
solution. A key requirement for our comparisons of photocata-
lytic activity is that the plasmon resonance fall within the same 
spectral range, 520–540 nm. This ensures that each catalyst 
shows a strong interaction with photons of the same energy 
range. Their optical behavior will be further discussed in the 
following sections. Once fully characterized, all these structures 
were tested in photocatalysis experiments.

2.2. Plasmon-Driven Formic Acid Decomposition

To investigate which bimetallic configuration is the most efficient 
in converting light into chemical energy, we tested the bimetallic 
catalysts in FA decomposition. For the analysis, we will focus on 
the improved performance upon illumination, as opposed to the 
absolute catalytic performance of each configuration.

G↔ + ∆ = − −HCOOH CO H ( 48.4 kJmol )2 2
1  (1)

G↔ + ∆ = − −HCOOH H O CO( 28.5 kJmol )2
1  (2)

It is well known that FA decomposition can follow two pos-
sible reaction pathways: dehydrogenation, yielding H2 and 
carbon dioxide (CO2) or dehydration forming carbon monoxide 
(CO) and water (H2O).[48,49] The former is most favored thermo-
dynamically (Equations (1) and (2)). Note that a little amount of 
CO can poison the catalyst due to its strong adsorption on Pd 
surfaces, inactivating the whole catalyst.[50]

Herein, we performed the experiments in a closed reactor 
with a fine control of the temperature (T = 40.0 ± 0.5 °C) and 
equal FA concentration (0.5 m) in the absence of any addi-
tives (see Experimental Section  and Section  S6.2, Supporting 
Information, for experimental details). We aimed to work with 
both a similar number of Au NS and a similar interface (i.e., 
capping agents of the colloidal catalysts). The number of Au 
NS employed in each experiment was estimated by means of 
their absorption at 400 nm, which corresponds to Au interband 
transition regime and is relatively unaffected by the plasmon 
resonance (Section  S1, Supporting Information). Concerning 
the interface, as satellites are coated with polyvinylpyrro-
lidone (PVP), the capping of core–shell structures (CTAB) 
was replaced by post-synthesis by dispersing them in a PVP 
ethanolic solution (Section  S4.1, Supporting Information).[51] 
It allowed us to control the interaction between the Pd surface 
and FA. The successful exchange was confirmed by ζ-potential 
measurements (Figure S8, Supporting Information).

It has been recently reported that hot spots formation, which 
can occur upon aggregation of the particles, has a remark-
able influence in plasmonic photocatalysis.[52] Therefore, all 
the catalysts were supported on 600 nm SiO2 spheres to avoid 
the uncontrolled formation of clusters (Figure  S9, Supporting 
Information).

To test the performance of these catalysts in a regime 
approaching practical applications, we used as light source 
a commercial solar simulator operated in AM1.5G mode as 
source of light (P = 125 mW across the visible range). To ensure 
reproducibility, the catalysis experiments were repeated at least 
four times each (each of 1 h duration). All these experimental 
conditions were taken into account to properly address the dif-
ferences in light-into-chemical conversion efficiency.

As most of the FA decomposition products are gases, a gas 
chromatograph (GC) equipped with a thermal conductivity 
detector (TCD) was employed to quantify the reaction rates. 
Argon (Ar) was used as a carrier gas. To estimate the amount 
of H2 produced, a calibration curve was initially obtained by 
means of standard samples (Figure  S10, Supporting Informa-
tion). The reaction rate was normalized by the amount of Pd 
present in each sample. Details of these calculations are pro-
vided in Section S6.2, Supporting Information.

Control experiments conducted employing Au NS as catalyst 
in both dark and light conditions showed a significantly lower 
H2 generation rate, revealing the Au NS poor catalytic activity 
in FA decomposition (Figure  S11, Supporting Information). 
Similar controls were also carried out for the particles employed 
as satellites. The monometallic Pd satellites produced 27 and 
22 mmol g Pd−1 h−1, whereas the bimetallic AuPd satellites 
produced 58 and 78 mmol g Pd−1 h−1 for dark and light tests, 
respectively. It is worth mentioning that CO was not detected 
throughout all the performed experiments. These results sup-
port the bimetallic synergy for energy conversion, where Au 
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plays the light confining role and Pd acts as the active catalytic 
element. All control experiments are presented in Figure  S11, 
Supporting Information.

The H2 production rates in both dark and light conditions 
for each bimetallic nanocrystal are shown in Figure  2a. The 
influence of light on the catalytic activity is summarized in the 
enhancement factor, that is the ratio between illuminated and 
dark performances (Figure  2b). Core–shell systems showed 
considerably lower reaction rates in dark and upon illumina-
tion compared to the core-satellites structures. Nonetheless, the 
AuPd alloy shell showed a larger production than the mono-
metallic Pd shell, as expected from the literature on the reac-
tivity of Pd versus the AuPd alloy for this reaction.[42] Likewise, 
Au@AuPd core–shell also showed a larger enhancement of the 
light/dark performance (2.4-fold) in comparison with the Au@
Pd (1.6-fold) (Figure 2b).

Core-satellites presented a larger production in both dark 
and light conditions than the core–shell catalysts. The influence 
of light was slightly higher for these structures, yielding larger 
enhancement factors when comparing the dark and illumi-
nated cases, and raising the reaction rates 2.7-fold and 2.9-fold 
for Au–Pd and Au-AuPd systems, respectively. Among all the 
catalysts, both the largest production and enhancement were 
displayed by Au-AuPd core-satellites (191 mmol g Pd−1 h−1).  
These results suggest that the two-body architectures are, in 
principle, the configuration that leads to a larger efficiency 
for light driven photocatalysis when employing bimetallic 
plasmonic systems.

2.3. Enhancement Mechanism

FA dehydrogenation is a redox reaction where charge trans-
fers are involved.[53] Briefly, formate (HCOO−, FA−) adsorbs on 
Pd in a bridging mode, gets oxidized to CO2 after CH bond 

cleavage and releases one H atom, which is later combined 
with a second H to yield H2.[48] As in any chemical reaction, 
the temperature at the surface of the catalyst plays a major role 
in the reaction rate due to exponential temperature-dependence 
of the reaction rate, given by the Arrhenius equation. Besides 
an increase in temperature, the enhanced absorption of light 
enabled by the resonant plasmonic antenna can also benefit the 
catalytic reaction through the generation of hot carriers.[54,55] 
There has been considerable debate in the recent literature 
trying to disentangle the two contributions, of heat and of hot 
carriers, and we therefore took additional steps to try and eval-
uate heating contributions.

The photocatalysis tests were conducted with a precise con-
trol of the temperature, as mentioned above. Likewise, the 
hybrid catalysts were supported on SiO2, which enabled us to 
work with well-separated catalysts avoiding heat accumula-
tion.[56] The stirring conditions employed in the experiments 
(400 rpm) were high enough to decrease any temperature 
gradient.[57]

The heat contribution was evaluated as follows. First, we 
estimated how much the temperature increases due to the 
illumination for bare Au NS. Barella et  al., found a linear 
dependence of the surface temperature with the irradiance.[58] 
For a 60 nm Au NS in water and an irradiance of 106 mW cm−2, 
the temperature is expected to increase only by 5.3 × 10−5  °C 
(detailed calculation in Section S7, Supporting Information). In 
a second step, we estimated how much the temperature should 
be raised to mimic the enhancement for each configuration 
considering the activation barrier of FA dehydrogenation on Pd, 
Au, and AuPd (46.6, 53, and 28 kJ mol−1, respectively). These 
calculations are summarized in Table S4, Supporting Infor-
mation. While for Pd-FA interfaces, the temperature should 
increase 10, 21, and 22 K if the enhancement factors are 1.6, 2.7, 
and 2.9 for Au@Pd core–shell and Au–Pd and Au–AuPd core-
satellites, respectively, for Au–FA and AuPd alloy-FA interfaces 

Figure 2. Catalytic performances of bimetallic nanocatalysts in FA decomposition. a) Comparison of H2 production in dark conditions and upon 
illumination with solar-simulator (power = 125 mW). The number of Au NS antennas were estimated to be similar in all the experiments and the 
experiments were repeated at least four times. The FA concentration was 0.5 m in all cases. b) Enhancement factors calculated in all cases as the ratio 
between light and dark performances.
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the temperature should be increased by 34 and 32 K to mimic 
the enhancement factors (5.6 and 2.4). These crude estimations 
suggest that the heating coming from the excitation of indi-
vidual optical antennas (Au NS) is negligible and cannot explain 
the observed speed up in the reaction rate when the structures 
are illuminated. Based on all the analysis detailed above, we 
think the local heat generated upon illumination is not suffi-
cient to explain the observed enhancement and consequently 
we focused our analysis on the generation of hot carriers.

The absorption of light in a metal such as Pd can lead to a 
rapid dissipation in the form of direct d-to-s transitions. The 
presence of a supporting Au antenna can substantially enhance 
this process through the amplification of the electric field in 
the Pd region.[52,59,60] The wavelength-dependent ratio of the 
imaginary part of the dielectric functions of Pd and Au indicates 
how much light is absorbed dielectric functions of Pd and Au 
indicates how much light is absorbed per volume unit by the 
catalytic metal compared to the plasmonic metal under LSPR 
excitation (Figure  S12, Supporting Information). Crucially, we 
noted differences observed in the extinction spectra of the hybrid 
catalysts (Figure 1m–p), implying that the absorption in the cata-
lytic active metal can be dependent on the spatial arrangement 
of the materials. Additionally, the strong inhomogeneous near-
field around the satellite particle is expected to boost the genera-
tion of hot carriers at the catalyst surface, where they speed up 
the reaction rate.

To evaluate these differences, we investigated both the elec-
tric field intensity and the absorption profiles for each hybrid 
nanostructure. The geometrical models used in the optical 
simulations were built up based on the experimental informa-
tion obtained in their characterization (Figure  S7, Supporting 
Information). Figure  3 summarizes our efforts to understand 
how bimetallic catalysts interact with the incoming light and 
how this may lead to the generation of highly energetic car-
riers (detailed description of these calculations is provided in 
Experimental Section). For comparison, the spatial distribution 

of the near-field at their plasmon resonance is shown for both  
Au@Pd core–shell (Figure 3a) and Au–Pd core-satellite configu-
rations (Figure 3b). As the satellites consist of either Pd or Au 
and Pd, Figure 3c,d shows the electric field intensity of a single 
satellite placed 1 nm away of the 60 nm Au NS antenna. As 
expected, the electric field at the interparticle gap of an Au–Pd 
core-satellite structure is ≈30 times larger than the electric field 
at the surface of Au@Pd core–shell. This is attributed to the 
small interparticle gap between the two metallic entities, which 
leads to a hotspot. A non-appreciable difference was observed 
for mono- and bimetallic satellites, suggesting that the electric 
field enhancement at the hotspot is not strongly modified by 
composition of the satellites for that particular size (≈5 nm).

In order to better understand the hot carriers generation 
within Pd, we also mapped the local rate of absorption, which is 
proportional to the local field intensity times the imaginary part 
of the dielectric function in each material region.[52,61] These 
maps reveal that light is better confined within the Pd satellites 
than in the 1 nm shell of the core–shell structure, leading to 
at least a five times larger local absorption rate (Figure  3e,f). 
For satellites with different composition there is a striking dif-
ference. Interestingly, the strongly localized local absorption 
in the thin Pd shell of the AuPd satellite is higher than in the 
monometallic Pd satellite (Figure  3g,h). This greater absorp-
tion is attributed to the fact that the catalytic metal is placed 
in between two coupled Au optical antennas. In line with what 
has already been reported, placing a nonplasmonic metal at the 
hotspot between two optical antennas, leads to highly confined 
enhanced absorptions.[52] Indeed, this intense electric field 
region can account for up to 50% of the hot carriers generation 
rate,[62] what is beneficial for redox processes as a high carrier 
density is concentrated in such small spatial region.

Our simulations suggest that core-satellites are more effi-
cient than core–shell structures in funneling the energy from 
the plasmonic to the catalytic metal. The highly confined and 
inhomogeneous electric field in the interparticle gap between 

Figure 3. Electric field intensity and absorption maps for bimetallic catalysts. Local field intensity enhancement factor ( EE| |2, with unit incident field) for 
Au@Pd in both a) core–shell and b) core-satellites configuration. Electric field intensity maps for c) a Pd satellite and d) AuPd satellite placed 1 nm away 
from a 60 nm Au core. Complementary absorption maps of Au@Pd e) core–shell and f) core-satellites. Absorption maps for a full g) Pd satellite and  
h) AuPd satellite placed at 1 nm away from a 60 nm Au core. In each case the electric field intensity is averaged over incident directions and polarizations.
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the core and the satellites, leads to a larger local absorption rate 
at the surface and therefore a larger local hot carriers genera-
tion rate within Pd. Thus, we hypothesize that at the resonance, 
the hot electrons and the hot holes created in Pd are energetic 
enough, and present at the surface where the chemical reaction 
takes place, assisting both the reduction of adsorbed H atoms 
and the CH cleavage bond of the FA−, which is thought to be 
the rate limiting step of the oxidation reaction.[53]

To test this hypothesis, we conducted wavelength and power 
dependent FA decomposition experiments on Au–AuPd core-
satellite, which turned out to be the more sensitive to light 
exposure (larger enhancement factor).

For the wavelength dependence, a broadband lamp equipped 
with bandpass filters of 20 nm width centered at 450, 550, 650, 
and 750 nm were used. The lamp was additionally equipped 

with an IR liquid filter to eliminate alternative sources of heat 
such as water absorption, and with a 400 nm longpass filter 
to eliminate the UV contribution. The measured power for the 
aforementioned ranges was 20 mW. We present in Figure  4a 
the wavelength dependent H2 production rate. Additionally, as 
a proxy for the concentration of hot carriers, which remains 
challenging to calculate in such non-trivial geometries, we also 
plot in Figure  4a the theoretical spectrum of light absorption 
in the Pd region of the AuPd satellite. We note a good corre-
lation in the two spectral profiles, especially with the sharp 
drop of the H2 production rate obtained when illuminating 
with blue light (450 ± 10 nm). The long-wavelength tail shows 
poorer agreement, but this could be explained by the sample 
inhomogeneity (particle size and gaps); the model considers 
a single perfectly spherical pair of antenna-satellite, and the 

Figure 4. Study of the reaction mechanism. a) Wavelength dependent H2 production simultaneously plotted with Pd absorption cross-section of Au-
AuPd core-satellite nanocatalyst (N = 4 for point). b) Power dependent experiments for Au–AuPd core-satellites in the presence and absence of hole 
scavengers in the reaction mixture (N = 1). c) Proposed mechanism of the reaction in the presence and absence of holes scavenger. d) Comparison 
between the apparent quantum efficiency (AQE) and energy stored on Pd for each structure. The captured power was estimated from electromagnetic 
simulations, while AQE was estimated at the maximum of the extinction spectra. e) Scheme of Pd partial absorption for different geometries. The 
presence of hotspots in core-satellite structures leads to a greater Pd absorption.
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sample’s UV–vis characterization already shows a long-wave-
length tail (Figure 1). Based on the optical simulations, without 
the highly confined electric fields, energetic carriers would 
not be generated within the Pd shell and the reaction could 
not be sped up, as also shown when the sample is illuminated 
off-resonance.[63,64] The obtained production using the lamp is 
comparable to what has been obtained using a solar simulator, 
as described next.

Another critical measurement to assess the contribution  
of the absorbed light on the reaction rate is to vary the illu-
mination power (Figure  4b). For this, we used a broadband 
source equipped with the same IR and UV filters. The experi-
ments were conducted without and with hole scavengers 
([NaSO3] = 1 mm, [Na2S] = 1 mm).[65,66] The nature of the addi-
tives enables to solely quantify the H2 generated out of FA. 
While no additives were added, a linear trend was observed with 
the increasing power, reaching up to 1331 H2 mmols g Pd−1 h−1 
when illuminating at 800 mW. However, a remarkable decrease 
in the activity of the catalyst was observed at all powers in the 
presence of hole scavengers. This experiment confirms the 
crucial role of both electrons and holes in the reaction, ruling 
out the heat contribution. If FA dehydrogenation would have 
been activated by thermal energy, the reaction rate should have 
increased with the increasing power when the experiment is 
performed in the presence of both NaSO3 and Na2S.

This combination of results leads us to propose that the 
Pd partial absorption is enhanced when placed in a hotspot 
between two Au coupled antennas, yielding electrons and 
holes with sufficient energy to assist the FA dehydrogenation 
(Figure  4c, upper part). In the presence of a hole scavenger, 
the holes are partially consumed and, consequently, FA− is not 
oxidized to CO2 (Figure 4c, bottom part). As a result, a second 
H atom is not released and H2 production is reduced.[67,68] To 
restore neutrality in the catalyst, we hypothesize that the excited 
electron can either reduce the adsorbed H atoms coming from 
FA acidic dissociation or H2O molecules.[69].

An important parameter in photocatalysis is the apparent 
quantum efficiency (AQE), what accounts for how many pho-
toexcited electrons were converted into molecules per incident 
photon.[9,17,34] The estimated values for our catalysts are shown 
in Figure  4d (detailed calculations in Section  S8, Supporting 
Information), as well as the energy absorbed by Pd in all the 
structures. To estimate this captured power (absorption) over 
the visible range, we integrated the product of the solar simu-
lator spectrum and the Pd partial absorption from 400–800 nm  
(Section  S9, Supporting Information). This total absorbed 
energy was then normalized by Pd mass. Both the AQE and 
Pd partial absorption show a dependence on the configuration 
of the nanoparticle. While the values estimated for Au@Pd,  
Au@AuPd, and Au–Pd were similar (ranging between  
0.08–0.15%), the AQE of Au–AuPd core-satellite was estimated 
to be 0.28%. This improved AQE was a result of the maxi-
mized absorption on the catalytic active metal, as the Au–AuPd 
structure showed the largest absorption in Pd among all the 
 configurations. These results reinforces the relevance of the 
geometry on photocatalytic processes. Specifically, the creation 
of optical hotspots can be converted into chemical hotspots 
when the active material is placed in such regions of intense 
and  inhomogeneous electric field intensity, maximizing the 

solar-to-chemical energy conversion capabilities of bimetallic 
hybrid nanocatalysts. Although these reported values are a lower 
bound, as we are neglecting optical losses such as scattering, 
our results demonstrate at least a 3.5 times improvement in 
AQE when comparing with past reports for similar systems.[70]

We summarize the interpretation of our interpretation of 
the results in the scheme presented in Figure  4e. A pure Pd 
NP of ≈5 nm has a very small optical cross-section within the 
visible range and its catalytic activity relies on its inherent elec-
tronic properties. However, when a thin Pd layer (≈1–2 nm) is 
deposited on an optical antenna, the absorption at the shell is 
enhanced due to the higher intensity of the electric field. As 
a result, high energy carriers are created in the active metal, 
thus speeding up chemical reactions. This phenomenon can 
be further enhanced by engineering the metals in a two-body 
structure such as core-satellites. The interaction between 
two metallic nanoparticles leads to the creation of highly 
confined electric field regions (optical hotspots) and, conse-
quently, a larger local absorption within the Pd. This results 
in a larger number of excited carriers and therefore better 
photocatalytic performances.

Finally, we propose further hybrid nanostructures that can 
be promising for photocatalysis applications. In such structures 
a thin shell of either Pd or Au1Pd1 (1 nm in thickness) is placed 
between a 60 nm Au NS and 50 Au satellites of 5 nm in radius. 
Details of the structures and the calculations is provided in Sec-
tion  S10, Supporting Information. Through optical simulations, 
we observed that the absorption cross-section  does not get sig-
nificantly boosted with the presence of Au satellites (Figure S14, 
Supporting Information). Nevertheless, the presence of smaller 
antennas determines the formation of numerous hotpots, what we 
have shown that is crucial for hot carriers generation. The optical 
phenomena dictating the behavior of such hybrid catalysts can be 
transferred to earth abundant metals such as Cu or Al, preserving 
the benefits of both the hotspots formation and the catalytic active 
centers and thus, lowering the overall price of photocatalyst.

3. Conclusions

We demonstrate how plasmonic and catalytic materials should 
be combined to maximize the conversion of light into chemical 
energy with hybrid bimetallic plasmonic nanostructures. Core-
satellite structures presented larger enhancements on the reac-
tion rate compared to core–shell ones under illumination. The 
ability to create hotspots strongly influences the energy flow. 
Our optical simulations indicate at least a fivefold higher local 
absorption within Pd—the catalytic active metal—when shaped 
into satellites instead of a thin shell. This enhanced local absorp-
tion was manifested as a 30% improvement in the apparent 
quantum efficiency. Engineering the photocatalyst in a way that 
the catalytic active metal is placed in the hotspot formed by two 
optical antennas, as in Au-AuPd, further improves its perfo-
mance. Indeed, this system presented both the largest enhance-
ment factor and apparent quantum efficiency (0.28%).

Energizing the catalytic component of these hybrid materials 
by increasing local absorption can promote the generation of 
excited carriers in these typically weakly absorbing materials. 
Remarkable, the enhanced absorption can be achieved at solar 
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conditions with the help of the plasmonic counterpart. We 
envision that plasmonic architectures that maximize the con-
finement of the nanoscale electric field in the catalytic mate-
rial will further benefit sunlight into chemical energy conver-
sion processes. Based on our results, colloids with internal hot 
spots, as well as large-scale metasurfaces and hybrid oligomers, 
among others, could become key players in the development 
of the field. Thus, these hybrid plasmonic materials fill the gap 
of a fundamental prerequisite in the efficient transduction of 
energy from sunlight to chemistry, which is dealing with solar 
spectra and irradiances. Toward more sustainable photoca-
talysis, we strongly believe that the enhanced local absorption 
on catalytic metals can be driven by earth abundant metals, 
such as Al or Cu. Similarly, these materials present resonances 
within the visible range and can achieve a comparable electric 
field confinement.[71,72]

4. Experimental Section
Chemicals: Gold (III) chloride trihydrate (HAuCl4·3H2O, ≥99.9%), 

sodium tetrachloropalladate (II) (Na2PdCl4, ≥99.9%), potassium 
tetrachloropalladate (II), (K2PdCl4, ≥99.9%), ascorbic acid (AA, ≥99.0%), 
sodium borohydride (NaBH4, ≥98%), cetyltrimethylammonium bromide 
(CTAB, ≥99.0%), cetyltrimethyl chloride (CTAC, 25 wt% in water), 
tetraethylorthosilicate 98% (TEOS), ammonium hydroxide solution 
(NH4OH, 28–30% in water), poly(allylamine hydrochloride) (PAH, 
MW:17 500), sodium chloride (NaCl, 99%), polyvinylpyrrolidone (PVP, 
MW:10 000), formic acid (FA), and absolute ethanol (EtOH) were all 
purchased from Sigma-Aldrich and used without further purification. In 
all experiments, ultrapure water with a resistivity of 18.2 MΩ cm was used.

Synthesis of 60 nm Au NS: The Au nanospheres (Au NS) synthesis 
was performed modifying the seed-mediated growth method 
described by Zheng et  al.[73] These modifications were introduced 
in order to enlarge the production and favor the reproducibility of 
photocatalysis experiments.

Au Clusters Preparation: The initial Au clusters were formed by 
reducing 10 mL of an aqueous solution containing HAuCl4 (0.25 mm) 
and CTAB (0.1 m) with 600 µL of a freshly prepared 10 mm NaBH4 
solution. The solution turns brownish within seconds indicating clusters 
formation. The clusters were kept undisturbed for 3 h at 27 °C.

10 nm Au NS Synthesis: In a 20 mL glass vial, 4 mL of a 200 mm CTAC 
solution, and 3 mL of a 100 mm ascorbic acid (AA) solution were mixed, 
followed by the addition of 100 µL of previously prepared CTAB capped 
Au clusters. After the solution was stirred at 300 rpm and left at 27 °C for 
10 min, 4 mL of 0.5 mm HAuCl4 were added in a quick one-shot injection. 
The resulting 10 nm Au spheres were centrifuged twice at 13 400 rpm for 
30 min and finally redispersed in 1 mL of a 20 mm CTAC solution. These 
nanoparticles were used as seeds for further growing steps.

60 nm Au NS Synthesis: In order to reach the desired size, 200 mL 
of a 100 mm CTAC solution were mixed with 1.3 mL of a 100 mm AA 
solution and 250 µL of 10 nm Au NS solution. The whole solution was 
kept stirred at 800 rpm at 27 °C for 20 min. Then, 10 mL of 10 mm 
HAuCl4 were pumped in at a rate of 20 mL h−1 and once the pumping 
completed, was left stirring for 30 min. Even though this rate is ten 
times larger than the reference, it still yielded 61 nm ± 1.5 nm smooth 
sphere-like NPs (Figure  S1, Supporting Information). After undergoing 
two centrifugation-redispersion cycles (4000 rpm, 10 min) the Au NS 
were finally redispersed in 35 mL of mQ H2O and used for the synthesis 
of bimetallic nanoparticles.

Synthesis of Au@Pd and Au@AuPd Core–Shell NPs: The core–shell 
NPs were synthesized by a quick reduction of Pd and Au precursors 
on top of the previously prepared Au NS. First, as the precursors have 
different reduction potentials, a ligand exchange was carried out.[74] The 
precursors solutions (Table S1, Supporting Information) were kept at 

100 °C for 60 min. Second, 1.753 mL of an aqueous solution containing ≈ 
7.5 × 1011 Au NS were added at 100 °C, followed by the quick injection of  
1 mL of 100 mm AA solution. The solutions immediately turned 
purple and were left at 100 °C for another 60 min. Subsequently, two 
centrifugation-redispersion cycles (3000 rpm for 10 min) were carried out.

Synthesis of Pd Satellites: PVP-stabilized Pd nanoparticles (Pd NPs) 
were synthesized according to a method described in the literature with 
slight modifications.[75] Briefly, an aqueous solution (45 mL) containing 
PVP (1.05 mm) and AA (4.25 mm) was heated up to 100 °C under reflux 
for 10 min. Subsequently, an aqueous solution (5.0 mL) containing 
Na2PdCl4 (10 mm) was added. The reaction was allowed to continue at 
100 °C for 3 h to obtain Pd NPs.

Synthesis of Au–Pd Satellites: PVP-stabilized Au–Pd nanoparticles 
(AuPd NPs) were synthesized in an aqueous solution (40 mL) containing 
PVP (1.05 mm) and AA (4.25 mm) was placed in a three-neck flask 
fitted with a condenser and refluxed at 100 °C for 10 min. Subsequently, 
a mixture containing 5.0 mL Na2PdCl4 (10 mm) and 5.0 mL HAuCl4 
(10  mm) were added in a quick one-shot injection. The reaction was 
allowed to continue at 100 °C for 3 h to obtain a dark brown solution.

Synthesis of Au–Pd and Au–AuPd core-satellites: 1.4 mL of absolute 
ethanol were added to 2.77 mL of a 2.72  × ~1014 Au NS/L aqueous 
solution, followed by the addition of 350 µL of non-washed PVP-AA 
capped satellites (Experimental Section). The solution turned purple 
within seconds indicating the self-assembly occurrence. After stirring 
the solution at 400 rpm for 30 min, it was washed in low-binding 
DNA eppendorf tubes four times at 4000, 3500, and 3000 rpm for 
20 min, respectively.

Catalysts Characterization: STEM-HAADF and EDS analysis were 
performed at 300 kV on a probe corrected Titan Themis equipped with 
a Super-X EDX detector. TEM characterization was performed on a JEOL 
JEM-1011 operated at 80 kV. For electron microscopy characterization, 
the NPs of interest were drop casted from water-based solutions onto 
carbon/formvar 200 mesh Cu grids. Morphology and the assembly 
of nanoparticles were observed by using a Zeiss Ultra Plus high-
resolution scanning electron microscope (HR-SEM) operated at 10 kV.  
The extinction spectra of the nanocatalysts were acquired with a 
Perkin–Elmer UV/Vis/NIR spectrophotometer LAMBDA 750. Zeta 
potential measurements (ζ) were performed using a Malvern Zetasizer 
PRO. The electronic properties of the nanoparticles were investigated 
electrochemically, obtaining the cyclic voltamperogram with a 760 E 
potentiostat from CH instruments.

Photocatalytic Experiments: The energy conversion experiments were 
performed in a clean 15 mL reactor containing a flat quartz window 
(diameter = 1.22 cm) and a rubber septum for sampling. The reactor was 
placed in a water jacket where water was pumped in and out, allowing 
to perform the experiments with a precise control of the temperature 
(40 °C) by means of an external cryostat. During the experiments, the 
reaction mixture was stirred at 400 rpm using a magnetic bar. The 
catalysis time was about 1 h and previously bubbled H2O was used (N2 
for 30 min) in all the experiments. For light experiments, a commercial 
solar simulator (Newport, VeraSol-2 LED Class AAA) operated in AM1.5G 
mode was used. The measured incident power was 125 mW within the 
visible range. For wavelength and power dependent experiments an Arc 
lamp (Newport, model 66921), where UV contribution was filtered out 
using a cut-off filter (λ < 400 nm) and IR contribution was filtered with a 
IR liquid filter (6123NS). The power was determined using a commercial 
thermal detector (model: S401C) from Thorlabs. For gas detection, 
a gas cromatograph from Perkin–Elmer was utilized (Clarus 590 GC), 
equipped with both a flame ionization detector (FID), to detect organic 
traces, and a TCD for H2 detection. In addition, the FID detector was 
coupled to a H2 generator from Perkin Elmer (NM plus H2 100).

Electromagnetic Simulations: Numerical simulations were performed 
with the TERMS program[76,77]—in-house implementation of the 
superposition T-matrix method by the authors.[78–81] In this approach, 
the incident and scattered electromagnetic fields were expanded in a 
basis of vector spherical wavefunctions. The T-matrix of a given particle 
described the linear relationship between incident and scattered field 
coefficients. Where multiple scatterers were present, the partial waves 
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scattered by one particle contributed to the excitation of its neighbors, 
resulting in a coupled system of equations  to be solved for the self-
consistent scattered field coefficients. From these, any optical quantity 
of interest, from far-field cross-sections  to near-field quantities could 
be computed.

A particular strength of this approach was that the T-matrix of a 
particle, or system of particles, were independent of the incident field. In 
combination with the basis of spherical waves used to describe incident 
fields, led to efficient analytical formulas for orientation-averaged 
quantities, in the far-field[82–84] but also in the near-field.[85,86] Specifically, 
the scatterer-centred multiple-scattering algorithm of Stout and 
co-workers,[81] which retained the local-field information. The T-matrix of 
each particle was calculated from Mie theory, extended to multilayered 
spheres.[87] To compute the proportion of absorption in each region, 
the formulas derived by Mackowski were used.[88] The authors were not 
aware of analytical orientation-averaged formulas having been derived 
for spherical shells, and used standard numerical averaging instead 
(six incidence directions).

The system under consideration was challenging, even with state-
of-the-art algorithms. Plasmonic metals interacted strongly with 
light; the plasmon resonances were associated with highly-localized 
electromagnetic fields. With a numerical method such as finite elements 
requiring spatial discretization, this would require a very fine mesh to 
capture the field variations in the satellites, and their outer shell. The 
T-matrix method was able to describe very fine spatial variations, without 
any discretization, although the computation cost also increased as 
higher multipolar orders (NMax ) were needed.

For the core–shell antennas, the problem reduced to standard Mie 
theory and the converged spectra were obtained with few multipoles 
(NMax = 15). For the antenna-satellites configuration, the computation 
was much more challenging. Initial simulations were performed with 
50 satellites and NMax = 25, but while the spectrum of the whole particle 
cluster converged to good accuracy (10−8 relative error), the absorption 
in the satellites, of greater relevance here, required even higher 
multipolar orders. The computations with 50 satellites become difficult 
on a standard PC, but since the satellite coverage was relatively sparse 
we can neglect satellite-satellite interactions and simulate the response 
of a single satellite, with sufficiently high multipolar orders (NMax = 35) 
for converged results.

Liquid Chromatographic Analysis: The acetaldehyde separation was 
performed using HPLC-PDA with 150 × 4.6 mm Nova-PAK WATERS 
C18 column. The mixtures of water/acetonitrile were used as a 
linear gradient elution profile. The flow rate was set to 1 mL min−1 
and the injection volume was 20 µL. The PDA detector was 367 nm 
to record peaks, and standard patron was Carbonyl-DNPH MIX1 
from Sigma-Aldrich.

ICP-AES Analysis: Inductively coupled plasma with atomic emission 
spectroscopy (ICP-AES) was employed to determine both Au and Pd 
quantities for all samples used in photocatalytic experiments.

The sample preparation was done as follows: right after the test, 
the SiO2-supported nanoparticles were collected by centrifugation 
at 5000 rpm for 15 min and washed by resuspending them in 10 mL 
of H2O and centrifuging at same conditions. Finally, the sample was 
concentrated in 1 mL.

Later on, 500 µL of the concentrated sample were mixed with 500 µL 
of reversed aqua regia (HNO3:HCl 3:1) to dissolve metal traces. As for 
the analysis, 0.5 mL of the last solution were diluted with reversed aqua 
regia until reaching a final volume of 3.5 mL.

Statistical Analysis: The extinction spectra of the hybrid nanoparticles 
as well as the Au NS within the visible light were normalized at 400 nm.  
The generated H2 moles were determined by determining the peak 
area in the corresponding gas chromatograph. The Pd load in each 
experiment was determined by ICP-AES. To obtain the activity of  
the catalysts, the generated H2 were normalized by the Pd mass. The 
individual experiments were averaged (N  = 4) and the results were 
reported as mean value ± standard deviation. The size distribution of 
the catalysts was estimated by ImageJ and the histograms performed 
in Origin.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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