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1. Introduction

Nanostructured plasmonic materials pro-
vide unique opportunities for efficient 
and selective photocatalysis[1,2] and optical 
sensing,[3–5] thanks to their tailorable opto-
electronic properties and excellent ability 
in interacting with adsorbed molecular 
species.[6] Plasmonic materials have the 
capacity to support localized resonances 
which strongly concentrate energy in 
subwavelength regions, often referred 
to as “hot-spots,” where the local electric 
fields are significantly enhanced. Hot-spot 
regions play a fundamental role in surface 
enhanced Raman spectroscopy (SERS) 
and other molecular spectroscopies.[7]

Within the electromagnetic theory for 
SERS, the SERS intensity scales with the 
forth power of the local electric field inten-
sity, thus substrates with high hot-spots 
density and strength are desirable,[8] while 
chemical enhancement could also affect 
the SERS performance.[9] The Raman 
signal of molecules within the hot-spots 
can be routinely amplified by a factor of 
≈105–106,[10] and plasmonic structures can 

be designed to achieve single molecule detection.[11] Hot-spots 
can also modify intrinsic physical and chemical properties of 
molecular adsorbates, promoting and enhancing chemical reac-
tions by altering the surface potential energy landscape.[1,12,13]

Furthermore, these highly localized plasmonic resonances 
provide enhanced hot carrier generation from the nonradia-
tive decay of the plasmon excitation, which can further boost 
the efficiency and selectivity of plasmon photocatalysis,[14] as 
recently demonstrated with hierarchical MoS2-based bimetallic 
structures.[15] Tailoring the energy distribution of these hot car-
riers can be achieved by appropriate choice of the plasmonic 
material, size, shape, and surrounding medium, and has been 
proven effective for solar applications including sensing, pho-
todetectors and energy conversion.[16] Thus, the rational design 
and fabrication of plasmonic architectures featuring a multi-
tude of intense and controllable hot-spots would be extremely 
beneficial for molecular detection and photocatalysis.

In the quest for hot-spot-rich devices, 2D disordered aggre-
gates of metallic nanoparticles have shown significant local 
field enhancements with respect to their periodic counter-
parts,[17,18] with the additional advantage of relying on scalable, 

Complex 3D metallic nanostructures with large surface areas and broadband 
absorption are attractive candidates for efficient photocatalysis and spec-
troscopy. Here, hierarchical Au dendrites are self-assembled over centimeter-
scales by electrodeposition and the plasmon modes are locally mapped using 
cathodoluminescence spectroscopy. A correlation between the spatial and 
spectral distribution of the plasmonic “hot-spots” and the morphology of 
these structures are demonstrated. Electrodynamic simulations show that the 
spectra of the plasmon modes are determined by the local geometry of sharp 
features. Their performance as both surface-enhanced Raman scattering 
(SERS) substrates and as photocatalysts for the N-demethylation reaction 
of methylene blue is investigated. High hot-spot densities result in larger 
SERS enhancement, while the sample with the lowest hot-spot density has 
a reaction yield 136% larger than the sample with the highest density. These 
findings indicate that maximizing the hot-spot density is not sufficient to opti-
mize plasmonic substrates for all applications. The spectral and spatial dis-
tribution of the plasmon resonances will modify the hot electron generation 
efficiency and need to be considered for plasmon-enhanced photocatalysis. 
This work extends the understanding of light–matter interactions in complex 
3D structures and provides direction for the rational design of plasmonic 
architectures for different applications.
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bottom-up synthesis approaches.[18,19] These planar systems 
lead to efficient SERS substrates with single-molecule detection 
capability, whose high performances have been attributed to the 
multitude of strongly localized plasmonic resonances.[20] How-
ever, the energy and spatial distribution of the hot-spots do not 
correlate with the morphological properties, as experimentally 
demonstrated by spatially resolved electron-energy loss spec-
troscopy (EELS) measurements.[21] Understanding the spatial 
distribution of hot-spots is necessary to establish structure-per-
formance relationships, which are important for the prescrip-
tive design and optimization of plasmonic architectures toward 
tailored applications.[1]

Extending the highly localized plasmon-enhanced fields of 
disordered planar structures into 3D architectures is beneficial 
for applications that require increased surface area and larger 
plasmonic interaction volume.[4,22] For instance, it has been 
demonstrated that controllable 3D hierarchical structures are 
among the most efficient photoelectrocatalysts,[23–25] scatterers 
for SERS[11] and optical sensors,[4] as they enable novel optical 
phenomena,[26] strong field enhancement,[27] and higher gen-
eration of hot carriers.[24]

However, fabrication methods for large-scale 3D plasmonic 
structures which allow control of the spatial and spectral dis-
tribution of hot-spots are still elusive. Despite the superior 
control enabled by top-down lithographic techniques,[28] they 
are limited to sub-millimeter areas and maximum thicknesses 
of few hundreds of nanometers. Conversely, bottom-up tech-
niques can realize 3D hierarchical stochastic structures over 
large-areas[25,26,29] featuring a multitude of hot-spots. In these 
systems, the stochastic arrangements of morphological features 
with multiple sizes, shapes, and connectivity enables excita-
tion of multiple plasmon modes—demonstrating both highly 
localized hot-spots and collective effects[30]—ideal for plasmon-
enhanced spectroscopy and photochemistry.[31] However, their 
limitation is a reduced spatial heterogeneity of the hot-spots, 
which can be largely ameliorated by averaging the measure-
ments over large areas.[3]

Recently, 3D interconnected Ag networks were demon-
strated to photo-reduce fullerene C60 due to the strongly con-
fined nanoscale fields and enhanced hot electron generation 
and transfer.[25] The spatial and energy distribution of these 
hot-spots was further investigated by cathodoluminescence 
(CL) spectroscopy.[12] CL spectroscopy is an advanced electron 
microscopy technique that enables the investigation of opto-
electronic properties of materials with nanometric spatial and 
spectral resolution.[32] It can provide similar information to 
EELS, with the advantage that CL does not require electron 
transmission through the sample.[33,34] Instead, CL spectros-
copy uses an accelerated electron beam (1–50 keV) from scan-
ning electron microscopes to excite all the available optical 
modes in a sample and measures energy distribution of the 
scattered photons, which is proportional to the local photon 
density of states (LDOS).[35] In a raster-scanning geometry, it 
is possible to retrieve the full spectrum from each pixel of the 
entire scanned sample with nanometer resolution. When CL 
was applied to the 3D interconnected Ag network, it was shown 
that those structures affected the LDOS due to their complex 
topology that supported a multitude of hot-spots whose eigen-
modes show fluctuations in intensity and energy. However, a 

relationship between the hot-spot distribution and the topology 
was not observed.

In this work we map the spatial and spectral distribution 
of hot-spots in 3D complex Au structures, using high resolu-
tion CL spectroscopy. Hierarchical Au dendrites are deposited 
over centimeter-scale conductive substrates by a single-step 
electrodeposition technique, which allows statistical control of 
the morphology by modifying the electrodeposition time. We 
achieve complex Au structures with self-similar properties, 
high curvature regions, and multibranched architectures that 
result in broadband visible and near-infrared absorption. We 
show that they support a multitude of plasmon resonances in 
the wavelength range of 400–900 nm, which strongly correlate 
with the local morphology of the network. We demonstrate a 
controllable hot-spot density with the electrodeposition time, 
which increases by more than a threefold as the time increases 
from 100 to 400 s. Boundary element method (BEM) simula-
tions on simplified geometries support the experimental results 
and show that the plasmon modes supported by the complex 
morphologies are determined by the details of the local geom-
etry of sharp features. These results indicate that that the spa-
tial and spectral distribution of hot-spots could be controlled 
by modifying the shape of the regions of high curvature in the 
structures, achievable for instance during the deposition phase. 
We then study their performance as SERS substrates for the 
detection of parts-per-million (ppm) concentration of methylene 
blue (MB) and as photocatalysts, by monitoring the N-demeth-
ylation reaction of MB. We show that a higher hot-spot density 
results in better SERS detection, while a lower hot-spot density 
leads to improved reaction yields. This work contributes to the 
understanding of light confinement in 3D disorder systems, by 
addressing the performance-morphology relationship and pro-
vides guidelines on how to design efficient plasmon-enhanced 
systems architectures for photocatalysis and detection.

2. Results and Discussion

A set of Au architectures with different morphologies were rap-
idly synthesized on conductive felt of stainless-steel fibers in a 
single electrodeposition step, at a constant applied cathodic cur-
rent of 5 mA cm−2. The morphologies were controlled by var-
ying the deposition time from 100 to 400 s. This technique offers 
a wide range of control parameters—including solution specifi-
cations, temperature, voltage, and current values—and, being 
based on diffusion, has been used to self-assemble a variety of 
patterns, like dendrites, fractal, and porous structures.[36]

Figure 1a–d shows scanning electron microscopy (SEM) 
images of representative morphologies obtained under these 
conditions, along with the illustration of the observed structures 
(Figure  1e). The electrodeposition is initiated by a nucleation 
step followed by growth of the structures. For short deposition 
times (100 s), the sample morphology is characterized by spher-
ical nanoparticles with diameters in the range of 35–50  nm, 
and porous irregular nanoclusters with sizes ranging from  
200 to ≈1 µm.

When the time is increased to 200 s, new nucleation sites 
are continuously formed and gold atoms are deposited on the 
surface making it rougher. This results in an interconnected 
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metallic network consisting of nanoneedles and single-
branched dendritic structures with tip radii ranging from  
≈25 to ≈50 nm. The high surface roughness and the sharp tips 
lead to a strong nonuniform field that promotes the anisotropic 
deposition and development of branched morphology.[37] Fur-
ther increase in the deposition time to 300 s leads to a morpho-
logical transition that drives the formation of self-similar 3D 
structures dominated by hierarchical and branched dendrites. 
The major axis of these ramified fractal architectures spans 
from ≈1–10  µm, while the length of the secondary orthogonal 
branches is in the range of 600  nm–1  µm. Importantly, these 
structures result in a high density of sharp tips, with diame-
ters ranging from 20 to 60 nm. In the final investigated step of  
400 s, this fractal morphology grows and becomes more com-
pact, showing fractal dendrites and larger ramified structures, 
consistent with previous literature.[37]

This complex morphology leads to broadband absorption in 
the visible and near infrared (Figure S1, Supporting Informa-
tion), which results from the average of the multiple plasmon 
modes excited on the complex structures.[12] To characterize 
the spatial and energy distribution of the resonances, we use 
spatially resolved CL spectroscopy. We start by acquiring pan-
chromatic CL maps: the CL signal is integrated over all the 
wavelengths that fall within the detector range.[38] Figure 2a–d 
(and Figure S2, Supporting Information, for smaller magnifi-
cation) shows the results of this measurements by overlaying 
the CL emission (blue spots) onto their respective SEM images 
(red), clearly demonstrating that the areas of strong CL signal 
correlate with morphological features of the structure, espe-
cially the sharp tips and edges. For 100 s electrodeposition 
time, we observe faint CL hot-spots arising predominantly 
from edges and surfaces of the NPs and nanoclusters, while for 

electrodeposition times ≥200 s, a strong emission due to excita-
tion of plasmon modes is shown to follow the roughness and 
the high curvature regions of the architectures.

To estimate the density of hot-spots excited on the samples, 
we define a hot-spot as a region in which the CL emission 
has an intensity ≥50% of the total range and spanning at least  
2 pixels, to avoid spikes and/or artifacts. A minimum of seven 
panchromatic maps covering a total surface area of at least 
400 µm2 were analyzed and then the results were averaged to 
obtain the averaged hot-spot density. This analysis reveals that 
the hot-spot density increases from 2.6 ± 1.6 µm−2 for the 100 s to  
8.6 ± 3.4 µm−2 for the 400 s (Table S1, Supporting Information), 
indicating that the growth of the 3D dendritic structures is 
accompanied by a progressive increase of regions with strongly 
enhanced plasmon fields.

Here, we note that the results of this analysis are likely 
an underestimation. This is because the electron beam is 
impinging the samples orthogonally, probing the top of the 
samples. Any field enhancements that are obscured by features 
above them do not contribute to the calculation. This is particu-
larly relevant for longer electrodeposition times because of the 
3D branching of the architectures.

We further investigate the spectral distribution of the 
plasmon modes by analyzing CL emission for different sam-
ples in the wavelength range of 400–900  nm. We perform CL 
measurements in raster-scanning mode, which locally excites 
the nanostructure and then acquires a full spectrum for each 
pixel (minimum pixel size 0.013 × 0.013  µm) of the scanned 
image.
Figure 3a shows the panchromatic CL emission map from 

the 100 s sample with a typical nanoparticle morphology, over-
laid with its SEM image. The CL signal shows homogeneous 

Figure 1.  a–d) Representative SEM images of the Au nanostructures self-assembled with an applied current of 5 mA cm−2 at the different electrodeposi-
tion times of 100, 200, 300, and 400 s, respectively. e) Schematic evolution of structures with increasing deposition time.
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emission throughout the nanoparticles with stronger lumines-
cence arising from the higher roughness regions and edges of 
the nanoparticles. Figure 3b–f shows the intensity maps obtained 
from the integration of the CL emission in different spectral 
ranges, characterized by λCL  = λi  ± 50  nm, with λi  = 450, 550, 
650, 785, and 850  nm. These maps show a Mie-like CL signal 
with maximum strength in the wavelength range of 600–700 nm, 
consistent with spectral CL emission on disordered Au nanopar-
ticles,[21,39] while the emission at wavelengths <500 and >800 nm 
is negligible (see Supporting Information S3 and S4 for further 
characterization). The CL spectra from different areas of the 
sample are highlighted in Figure  3g,h, corresponding to edges 
or high roughness regions (denoted as edge in g), and internal 
areas (denoted as bulk in h), as shown in Figure 3a. This analysis 
reveals, that the CL signal is always stronger for edges (positions 
2, 3, and 4) and rough areas (positions 1 and 5) compared to the 
bulk while their maximum is observed always in the spectral 
region of 600–700  nm, in line with the Mie-like resonances of 
disconnected metal nanoparticles.[21]

Figure 4a (and Figure S5, Supporting Information) shows 
the panchromatic CL emission map from the 300 s sample—
over an area corresponding to the secondary branching of 
a dendritic structure—overlaid with its SEM image. This 

measurement reveals strong CL emission localized at the 
sharp tips, confirming that the spatial distribution of the 
hot-spots is strongly correlated with the local structure. Fol-
lowing the same analysis as in Figure 3, Figure 4b–f shows 
the integrated CL maps in different spectral ranges, charac-
terized by λCL = λi ± 50 nm, with λi = 450, 550, 650, 750, and 
850 nm. Similar to the previous case, the CL signal <500 nm 
is very faint (Figure  4b), indicating that below the intra-
band transition of gold (≈2.3  eV), there is no CL emission. 
Between 500 and 900  nm, the dendrites support hot-spots 
with marked spatial distribution comprised of different 
resonances, extending into the long wavelength region 
(Figure 4c–f ).

For wavelengths of 500–600  nm a relatively uniform CL 
emission is observed throughout the whole branched architec-
ture, with the appearance of hot-spots scattered mostly at the 
edges of the structure (see also Figure S5, Supporting Informa-
tion). Between 600 and 700  nm, the emission is stronger and 
more concentrated at the tips and edges, while between 700 and 
800 nm the CL emission from the broader structure becomes 
negligible, with strongly localized resonances occurring at the 
sharp tips. Beyond 800  nm the CL signal is much reduced, 
though still concentrated at the tips.

Figure 2.  a–d) Superimposed panchromatic CL signal over the SEM images of the electrodeposited Au dendrites as a function of the electrodeposition 
times, from 100 to 400 s, respectively.
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Figure 3.  a) Panchromatic CL intensity map for the 100 s electrodeposited sample overlaid on the corresponding SEM image. b–f) CL intensity maps 
integrated over different wavelength ranges showing the excited modes. g,h) CL emission spectra at the positions indicated in panel (a), for g) the 
edges (red numbering) and h) bulk green numbering. All spectra represent an average taken over 2 × 2 neighboring pixels.

Figure 4.  a) Panchromatic CL map of the 300 s sample showing strong localization at the structure tips. b–f) Intensity maps at different labeled 
wavelength ranges showing the excited modes in different spectral ranges. g) Line profile of the total/wavelength integrated/panchromatic CL signal 
of the region containing the dendrite tips, highlighted by the yellow box in panel (a). h,i) CL spectral emission from the tips and bulk, respectively, at 
the positions indicated respective color-coded numbering. All spectra represent an average taken over 2 × 2 neighboring pixels.
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Figure 4g shows the total integrated panchromatic CL signal 
over the whole detector range in a region that includes the tips 
of the structure, highlighted by the yellow box in Figure  4a. 
This analysis further demonstrates the strong localization and 
spatial correlation of hot-spots at the tips with radii of curva-
ture of ≈20 nm, showing a relatively uniform total CL emission, 
arising from the multiple resonances at different wavelengths.

The emission spectra of different points on the structure 
corresponding to the tips are given in Figure  4h, while the 
spectra from the internal part of the branches (bulk) are given 
in Figure  4i. The spectra of the tips span a broad wavelength 
region, ranging from 550–900  nm and are characterized by 
multiple resonances (peaks), with the strongest emerging at 
720  nm from the tip #3. Interestingly, the spectral position 
of the strongest CL signals for all the investigated dendritic 
structures markedly varies between 600 and 800 nm (see also 
Figure S5, Supporting Information). Several other modes and 
shoulder peaks are also found outside this wavelength range 
suggesting possible coupling and hybridization between tips 
and core resonances,[34,40] which are likely to contribute to the 
broad absorption measured in the far field. The linewidth of 
these peaks, which is correlated to the radiative and resistive 
damping of the plasmon modes,[41] varies from ≈30  nm for 
the strongest resonances to ≈140 nm for broader peaks. In the 
internal regions farther from the peaks (bulk), we observe that 
the CL signal is an order of magnitude lower than at the tips, 
demonstrating a broad but relatively uniform emission peaked 
at ≈600 nm (Figure 4i), consistent with the CL of earlier work 
on unstructured Au surfaces.[42] Analysis of the 200 s sample 
shows similar results as shown in Figure S6, Supporting 
Information.

To better understand the optical behavior of our 3D den-
dritic structures and to further investigate the spectral distribu-
tion of the plasmon modes and their dependence on the local 
structure, we simulate the CL emission using the boundary 
element method[43] (BEM) implemented in the freely available 
MNPBEM toolbox.[44]

We postulate that since the CL emission is strongly local-
ized at the tips of the branched dendritic structures, (as 
shown in Figure  4 and Figure S5, Supporting Information) 
the spectral behavior of the resonances will be dominated by 

the local geometry. Thus, we restrict the simulations to these 
regions, and approximate the tips as symmetrical cones and 
triangular prisms with different aspect ratios. Simulating the 
disordered Au structure in its entirety would be prohibitively 
computationally expensive and would not necessarily provide 
additional insights into the features that determine the spec-
tral distribution of the hot-spots. Despite the much-simplified 
simulation geometry, this approach allows us to provide 
qualitative trends that are reflected by the experimental 
observations.

In Figure 5a,b, we plot the simulated CL emission inten-
sity spectra of Au cones with widths (w) and heights (h) and 
we systematically vary those dimensions to investigate how the 
details of the local geometry determine the spectral dependence 
of emission at the tips of the dendritic structures. The results 
of this analysis show that the CL spectra of cones with a fixed 
width (50  nm) and varying heights (up to 300  nm) are char-
acterized by multiple sharp peaks between 550 and 900  nm, 
which red-shift with the increase of the size. When the width is 
increased to 150 nm, the resonances are broader and still red-
shift with the increase in height, and the shoulder resonances 
at ≈600  nm become more pronounced. Conversely, fixing the 
height at 100 nm and increasing the widths results in broader 
CL spectra with all the peaks blue-shifting as the size increases. 
Consistent with the experimental results, the field distribution 
follows the high curvature of the geometry and shows strongest 
localization at the tips of wider cones (Figure S7, Supporting 
Information). Similar results are obtained with Au triangular 
prisms (Figure  5c and Figure S8, Supporting Information). 
We find that keeping width (y) and height (z) constant at  
150 and 50 nm, respectively and sweeping the length (x) from 
200 to 350  nm red-shift and strengthen the main plasmonic 
peak between 700 and 850  nm. Conversely, increasing the 
width (y) results in sharper peaks between 700 and 750 nm that 
only slightly red-shift with the increasing size, and reduce in 
strength. Increasing the thickness of the triangular prisms (z) 
reduces and blue-shifts the main plasmonic peak. In all cases a 
shoulder peak emerges at lower wavelengths (≈550 nm).

The range and variation of the resonances observed in the 
simulations in Figure  5 are qualitatively similar to the experi-
mentally measured CL spectra in Figure 4 and Figure S5, Sup-

Figure 5.  a,b) Numerically simulated cathodoluminescence spectra for Au cones with different aspect ratios, studied by systematically varying the 
height (h) and width (w), respectively. c) Cathodoluminescence spectra evaluated with the MNPBEM toolbox for Au triangular prisms with length fixed 
to 100 nm and different widths (y) and heights (z).
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porting Information. First, while the resonance peaks vary for 
different dimensions of the cones and triangular prisms, they 
all fall in the range of 500–900 nm, similar to the measured CL 
spectra in Figure  4. Second, the multiple peaks due to higher 
plasmon modes are well reproduced by the model. Third, the 
variations in the resonant wavelengths and intensities seen 
experimentally for different tips can be reproduced by changing 
the aspect ratio of the 3D geometries. Even though the simu-
lated geometries are much simpler than the experimentally 
measured dendritic structures, this analysis demonstrates 
that 1) this simple model can qualitatively explain the multiple 
plasmonic modes observed in the Au structures; 2) the optical 
properties of the hot-spots are determined by the local geom-
etry, rather than the overall interconnected sample morphology; 
and 3) there is a clear correlation between the tip shape and the 
spectral and spatial distribution of the plasmonic resonances 
and corresponding hot-spots.

Next, the performances of these disordered morphologies 
were investigated for two separate applications: SERS detection 
of 5 ppm solution of methylene blue (MB), and the plasmon-
mediated photocatalytic reaction of MB. Figure 6a shows the 
Raman spectrum of MB powder (magnified ten times) along 
with the SERS spectra obtained from the disordered Au sub-
strates with different electrodeposition times, functionalized 
overnight with a 5  ppm ethanol solution of MB and excited 
with λexc = 633 nm. The most intense peaks at 1622, 446, 1390, 
and 1426 cm−1 are assigned to the CC ring stretching, skel-
etal deformation of CNC and CN symmetric/asymmetric 
stretching, respectively.[45]

The more complex 3D Au substrates with 300 and 400 s 
electrodeposition time show a higher Raman signal intensity, 
than the 100 and 200 s case. This can be partially explained 
by the increasing hot-spot densities of the Au substrates with 
the electrodeposition time. However, as the SERS intensity is 
proportional to the number of molecules probed during the 
excitation it is also likely due to the larger illuminated surface 
area of the more complex 300 and 400 s samples.

The same samples were then used as photocatalysts for the 
photochemical reaction of MB to thionine, by monitoring the 

temporal evolution of the molecular fingerprints from in situ 
SERS measurements, illuminated by a 633 nm laser. We have 
previously shown that this reaction on disordered Au nanopar-
ticle arrays[46] is maximized when the excitation wavelength 
matches the plasmonic resonance and the HOMO–LUMO 
gap (highest occupied molecular orbital–lowest unoccupied 
molecular orbital, which for MB is 1.86 eV = 665 nm[47]). Fur-
thermore, we demonstrated that enhanced near-fields and hot 
electron transfer contribute synergistically to drive the chemical 
transformation, and that photothermal effects do not play a 
role.

Figure 6b shows the representative temporal evolution of the 
SERS spectra, taken over 284 s on the 100 s electrodeposited 
substrate. The SERS spectra show the emergence of peaks at 
480 and 804 cm−1, arising from the skeletal deformation mode 
and the NH2 rocking vibration of thionine, respectively,[48] con-
firming the N-demethylation reaction that converts MB to thio-
nine. To obtain the reaction yield, we followed our previously 
reported methodology:[46] each SERS spectrum in the temporal 
evolution was normalized to their maximum, and then the final 
timestep is deconvoluted in the range of 400–550 cm−1, where 
the main product peak is observed (see Figure S9, Supporting 
Information, for details). Given that the intensity of any vibra-
tional mode is proportional to the population of the excited 
molecules,[49] the yield of the photocatalytic reaction can then 
be obtained by integrating the thionine peak at 480 cm−1, sum-
marized in Figure 6c.

In order to ensure that the results were representative of the 
sample as a whole, and not dependent on the characteristics of 
one particular area of the complex morphology, we used a large 
illumination area of ≈8  µm and took multiple independent 
measurements (see Experimental Section). The results of each 
measurement are shown by the grey diamonds in Figure  5c, 
along with their Gaussian distribution (solid blue lines) and 
average yield (light blue triangles). We find that the reaction 
yield is also dependent on the electrodeposition time—and 
thus on the morphology and optical characteristics of the sub-
strates. The average yield decreases from 13 ± 3 to 5.5 ± 1 as the 
electrodeposition time increases from 100 to 400 s, in contrast 

Figure 6.  a) Stacked SERS spectra of 5 ppm MB on the different disordered Au substrates along with the spectra for MB powder (black line). b) In situ 
temporal evolution of the SERS spectra of MB adsorbed on a 100 s electrodeposited Au sample. c) Summary of the reaction yields as a function of the 
electrodeposition time. The grey diamonds show the distribution of individual and independent measurements, along with their Gaussian distribution 
(solid blue lines) and average yield (light blue triangles). The light grey line connects the average yield amongst the different samples.
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to the SERS enhancement of the samples. This corresponds 
to more than a ≈136% increase in MB transformation for the  
100 s deposition time compared to the 400 s sample. The higher 
fluctuations observed for the 100 s sample are attributed to the 
lower morphological homogeneity, which shows a combination 
of disconnected nanoparticles and nanoclusters. In all the other 
samples the distributions are much narrower indicating good 
reproducibility of the measurements.

The analysis of the experimental yields clearly indicates that 
hot-spot density is inversely correlated with performance as a 
photocatalyst for this set of samples. This is somewhat counter 
intuitive, as we would expect a larger number of hot-spots to 
lead to higher yield for a reaction that is driven by hot elec-
trons and enhanced near fields,[46] both maximized at hot-spots. 
Photogenerated hot electrons contribute to the reaction by 
injection into hybridized metal-adsorbate states, while near 
fields efficiently pump energy into the molecular species. The 
efficiency of these competing/synergistic mechanisms depends 
on the plasmon energy, plasmon dephasing, and the interaction 
with the surrounding molecular species. Similar mechanisms 
have been investigated also in metal–semiconductor systems, 
where hot carriers, near-field and plasmon-induced resonant 
energy transfer can be opportunely optimized for solar energy 
harvesting.[50] These results suggest that high hot-spot densi-
ties are insufficient to optimize plasmonic substrates for pho-
tocatalysis and that the spectral and spatial distribution of plas-
monic resonances is also important.

It has been shown that smaller nanoconfined metal struc-
tures have an increased probability of hot electron generation 
and injection efficiency, due to the reduced electron–electron 
and electron–phonon interactions[51] compared to larger struc-
tures. We postulate that the spatial distribution of the plasmon 
resonances on our complex structures will likely determine the 
efficiency of hot electrons generation: plasmonic resonances 
that are strongly localized on nanoscale features would expe-
rience more confinement and have hence higher hot electron 
generation efficiencies compared to plasmonic resonances 
excited over larger volumes.

The higher reaction yield observed for the samples with 
t  = 100 s excited by a 633  nm laser is likely due to a com-
bination of better spectral overlap of the resonances with the 
HOMO–LUMO gap of MB and higher hot electron genera-
tion efficiency in the small, confined nanoparticles compared 
to larger structures. The hot-spots excited on the nanopar-
ticles and nanoclusters (t  = 100 s) have resonances that fall 
in the range of 600–700  nm, and are very strongly localized 
to nanoscale features of the sample, as evidenced by the CL 
spectroscopy in Figure  3 and Figures S3 and S4, Supporting 
Information. In comparison, the resonances that occur on 
the larger dendritic structures (t  = 400 s), occur at different 
wavelengths depending on the details of the local geometry, 
and those that fall between 600 and 700  nm are spread over 
features on the order of 100 nm (e.g., Figure 4 and Figure S5, 
Supporting Information).

The analysis above demonstrates the versatility of com-
plex 3D Au architectures as both efficient SERS substrates 
and plasmon photocatalysts. Such disordered structures, sup-
porting multiple plasmon modes, offer a scalable platform to 
enhance the vibrational modes of adsorbed molecular species 

and modify their potential energy landscape for energy redis-
tribution. Those structures could be also engineered during the 
synthesis to achieve particular aspect ratios, preferential growth 
along a crystallographic phase or multibranched structures[52] 
to accessing specific reaction pathways and enable reaction 
selectivity.

3. Conclusions

In this work, we address the structure-performance relation-
ship of 3D complex metallic structures, demonstrating that 
strong plasmon localization correlates with the local mor-
phology of complex architectures. We use a scalable, single-step 
electrodeposition technique to self-assemble dendritic struc-
tures over centimeter-scale conductive substrates. By changing 
the electrodeposition time, we control the density of strongly 
localized plasmonic hot-spots, and we map their spatial and 
energy distribution with nanometric resolution. We find that 
multiple resonances across the visible and near infrared spectra 
are responsible for the broadband absorption. Further BEM 
simulations demonstrate that the spectral distribution of the 
plasmonic modes is determined by the local structure, pro-
viding insights into the role of the geometrical parameters to 
achieve strong light confinement and tailored resonances in 
different spectral regions. These structures are used as efficient 
3D plasmonic substrates for molecular detection and transfor-
mation: we demonstrate that a higher hot-spot density results 
in optimal SERS performance but is not sufficient to optimize 
reaction yield when used for photocatalysis. Knowledge of the 
spectral and spatial distribution of the excited plasmonic modes 
suggests that localization of the hot-spots to smaller features 
(≈10 nm) could help improve hot electron generation efficiency, 
and hence reaction yield. These results can be leveraged to pro-
vide guidelines for the rational design of plasmonic architec-
tures for tailored applications. Furthermore, this work extends 
the understanding on light–matter interactions in complex 3D 
structures, an area of both fundamental and practical interest 
for applications including spectroscopy and novel photonic 
devices.

4. Experimental Section
Sample Fabrication: Conductive and flexible stainless-steel felt 

substrates were sonicated in ethanol and water baths for 10  min to 
remove any contaminant. HAuCl4 was dissolved in a 1 m HCl solution 
to obtain a metal concentration of 0.25  mm. The electrodeposition 
was carried out in a standard three-electrode configuration, using the 
stainless-steel as working electrode, Pt foil as counter electrode and 
Ag/AgCl as a reference electrode. The working electrode was immersed 
in the electrolyte solution and an applied constant cathodic current of 
5  mA cm−2 was maintained for the duration of the experiments (100, 
200, 300, and 400 s).

Characterization: A FEI Verios scanning electron microscope (SEM) 
operating at 3 kV and equipped with Everhart–Thornley and immersion 
in-lens detectors for secondary electrons detection, was used to image 
the morphology of the samples. The same system was used to acquire 
cathodoluminescence signals by using a Gatan MonoCL4 Elite system. 
Full spectrum CL maps were acquired using a charge-coupled device 
(CCD). The maps were acquiring at accelerating voltages of either  
10 or 15 kV, depending on the quality of the signal and currents of 12 nA. 

Adv. Mater. Interfaces 2022, 2202236

 21967350, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202202236 by A
ustralian N

ational U
niversity, W

iley O
nline L

ibrary on [13/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH2202236  (9 of 10)

www.advmatinterfaces.de

Absorption was calculated from total transmittance T(λ) and reflectance 
R(λ) spectra which were taken using a PerkinElmer Lambda 1050 UV–
vis–NIR spectrometer equipped with an integrating sphere to collect 
both scattered and specular reflectance and transmittance from the 
surface of the sample. A PMT R6872 detector for the UV/vis wavelength 
range and a Peltier-cooled InGaAs detector covering the 860–1800  nm 
range. Numerical simulations of the CL response were performed using 
the graphic interface (MNPBEM-GUI from Nikolaos Matthaiakakis of 
the MNPBEM toolbox.[44] Their optical properties were taken from the 
Johnson and Christy tabulated data,[53] while an electron beam excitation 
that mimics the experimental conditions was set, having an energy of 
15 keV and a finite width of 1 nm, impinging orthogonally at the tip of 
the Au triangle. SERS measurements of methylene blue (from Sigma-
Aldrich) were carried out using a Renishaw InVia Reflex spectrometer 
equipped with a 633 nm laser at a power of 0.33 mW and a 1200 l mm−1 
grating. The samples were immersed overnight in a 5 ppm MB solution 
in ethanol, and gently rinsed with water before and let dry naturally 
before starting the SERS measurements. All the SERS measurements 
were performed at room-temperature in standard atmosphere with an 
acquisition time of 1 s and two accumulations for noise reduction. The 
SERS measurements were acquired with a 5× objective producing a spot 
size of ≈8 µm.

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