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ABSTRACT:

Plasmonic nanoparticles are ideal candidates for hot-electron-assisted applications, but their
narrow resonance region and limited hot spot number hindered the energy utilization of broadband
solar energy. Inspired by tree branches, we designed and chemically synthesized silver fractals,
which enable self-constructed hot spots and multiple plasmonic resonances, extending the
broadband generation of hot electrons for better matching with the solar radiation spectrum. We
directly revealed the plasmonic origin, the spatial distribution, and the decay dynamics of hot
electrons on the single-particle level by using ab-initio simulation, dark-field spectra, pump-probe
measurements, and electron energy loss spectroscopy. Our results show that fractals with acute
tips and narrow gaps can support broadband resonances (400 nm-1100 nm) and a large number of
randomly distributed hot spots, which can provide unpolarized enhanced near field and promote
hot electrons generation. As a proof-of-concept, hot-electron-triggered dimerization of para-
nitropthiophenol and hydrogen production are investigated under various irradiation and the

promoted hot electron generation on fractals was confirmed with significantly improved efficiency.

KEYWORDS: dendritic fractal, broadband hot electron generation, plasmonic resonances,

electron energy loss spectroscopy (EELS), plasmon-assisted photocatalysis
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Hot carriers generated via plasmon decay which can circumvent bandgap limitations suggest
extensive applications, including photochemistry, photovoltaics, and photodetectors.!* Hot
carrier—driven photocatalysis with metallic nanoparticles (NPs) has greatly stimulated a better
paradigm in harvesting photons, due to their ability to drive reactions under substantially milder
conditions than traditional thermocatalysis.” Plasmonically active metals such as Au,%” Ag,!*!?
AL" Cu'*'®and alloys'” have been applied for a set of chemical reactions, ranging from H>-D:

6, 19-22

exchange,® hydrogen evolution” ® '* to CO; reduction, selective oxidation reactions'* and

ammonia decomposition.'” Meanwhile, transition metal nitrides including TiN with intrinsic
broadband absorption were utilized for hot carrier assisted photocatalysis.?> 4

The design and fabrication of plasmonic structures, which amplify the interaction of light, is
crucial for the utilization of energy and charge carriers. However, the generation rate of hot
electrons through surface scattering decreases with increasing excitation wavelength, as predicted

25,26

by theoretical calculations®>2® and observed in experiments.”-® !> 1718 Considering the broadband

feature of the solar spectrum with a large portion (~55%) of energy produced beyond 700 nm,*’
achieving hot-electron generation in the whole spectrum, is of substantial importance for
improving the efficiency of photocatalysis and to meet the requirements from practical
applications. To achieve this goal, broadband absorption covering the visible to the near-infrared
(NIR) is a prerequisite. Despite the success of the synthesis of NPs with broadband absorption, hot
electron generation is hindered by the limited number of hotspots, in which hot electron generation
is amplified by localized electromagnetic (EM) field.?® ?° Hotspots are generally realized with
interparticle interactions, the number of which is limited due to the difficulty and low

reproducibility for the formation of sub-10 nm gaps.*” More importantly, the anisotropic geometry

makes the excitation of the hotspots strongly dependent on the incident light’s polarization, and



hence unpolarized sunlight becomes inefficient in exciting these structures. Considering the
substantial role of hotspots in hot carrier generation (providing the field enhancement and breaking
of linear momentum due to a strongly non-uniform field),> 2% 3!-32 NPs with both broadband
absorption and self-constructed multiple hotspots are desired for energy-efficient photocatalysis,
but only with limited realizations in nanoporous metals.**~

The concept of fractals may meet this challenge. Fractal geometry describes a structure with
exact or quasi self-similarity.*® 3" In nature, there are various fractal-like architectures, such as
snowflakes, tree branches, and corals. Stimulated by this concept, plasmonic fractals were
investigated because they can introduce tunable multiband resonances and expand the spectral

region of their strong optical response,*® overcoming the limitation of the narrow spectral domain

in conventional plasmonic antennas.*® 3% Despite the successful implementation of fractals in

40, 41 42,43

plasmonic applications such as terahertz resonators, optical antennas, non-linear optics,*"

1 52,53

45 surface-enhanced Raman scattering (SERS),**? energy harvesting,”' and photodetection,
there are still several major obstacles in utilizing them for photocatalysis: (i) sophisticated
fabrication methods based on the use of expensive methods, such as focused ion beam lithography,

electron beam lithography, and direct laser writing,>

is impractical for photocatalysis, which
typically requires freestanding NPs instead of plates attached on substrates and scalable
production. (ii) the spatial origin of the broad-band response and hotspots, and their relevance with
the geometry are not adequately revealed. (iii) the investigation of hot electron generation at the
single-particle level during the photochemical reaction process remains challenging.

Taking advantage of the scalable nature of bottom-up synthesis, we design and chemically

synthesize freestanding silver fractals with strong light-matter interactions covering a broad range

of the spectrum (400 nm -1100 nm). The varied lengths/widths/curvatures of branches provide not



only broadband resonances, but also multiple self-constructed hot spots through coupling between
the protrusions in a single branch or between adjacent branches. Compared to hot spots formed by
interparticle coupling, the number of hotspots in our fractals is increased by nearly two orders,
proved by both numerical simulations and electron energy loss spectroscopy (EELS)
measurements. Combined EELS with dark filed spectra and pump-probe measurements at the
single-particle level, the plasmonic origin, and their decay dynamics were clearly revealed. Three-
dimensional (3D) fractal structures offer enhanced capabilities irrespective of both the incident
angle and the polarization of light, as confirmed by the polarization-dependent SERS experiments
on an individual fractal. Benefiting from the fractal geometry, the broadband response and strong
enhancements in both the magnitude and volume are realized.

To directly access the hot-electron generation rates at different wavelengths, two hot carrier
drove chemical reactions: the dimerization of para-nitrothiophenol (pNTP) and hydrogen
evolution were carried out and hot electron generation on individual particle was proved under
visible irradiation. We firstly demonstrated a broadband improvement of the reaction rate of the
dimerization of pNTP, a 60-fold improvement at 785 nm excitation comparing to aggregated
spheres. Besides, we found the hydrogen generation rate of fractal/TiO> is ~ 6.7 times higher than
that of pure TiO, sample. The synthesized fractals offer a significantly increased hot-electron
generation rate, and anisotropic broadband optical response, providing a promising candidate not
only for plasmonic-assisted photocatalysis and energy harvesting but also for sensing, disease

diagnosis, and treatment.

RESULTS AND DISCUSSION

Design and Modelling of Dendritic Silver Fractals. We selected a dendritic structure composed

of a large branch with several attached twigs as the building block, (Figure 1a), which share the



same shape but with different sizes, providing the self-similarity typical of fractals. To effectively
harvest light with different polarizations, we duplicate the dendrite along with different directions,
obtaining a fractal particle. The high rotational symmetry guarantees the isotropic optical response

of the structure.
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Figure 1. Modelling of bio-inspired dendritic silver fractal particle. (a) Schematics of the
fractal NP. (b) Calculated absorption cross-section oaps of the fractal particle (red solid line)
and a sphere with the same volume as a reference (black dashed line). (¢) Calculated spatial
distribution of absorption power density Paps at both visible and NIR wavelengths. The left
panel shows the case of 4990 nm and the right panel shows the case of 900 nm. (d) The light
intensity / distribution on the particle surface from simulations. The left panel shows the case
of 490 nm and the right panel shows the case of 900 nm.

To investigate the optical properties of the fractal particle, we implemented full-wave
simulations with results summarized in Figure 1b-d. Figure 1b shows the calculated absorption

cross-section aabs of the particle, covering the visible to the NIR ranges. Broadband absorption is



achieved, and the value of gabs varies slightly in the wavelength range (400-1000) nm, with an
average value of gaps = 1.72 x 107"* m* with a standard deviation of = 4.4x107'* m% On the other
hand, we selected a spherical particle with the same volume as the proposed fractal as a reference.
The absorption cross-section of the sphere was calculated from Mie theory®® and it is shown in
Figure 1b as a black dashed line, with a low value of gans beyond 700 nm. A prominent absorption
enhancement of more than 50% is confirmed by comparing the two geometries. Meanwhile, a 5-
fold enlargement of the surface area is achieved from sphere to fractal, providing more active
regions for the chemical reactions.

In addition to exhibiting a broadband plasmonic resonance, the dendritic fractal can concentrate
light into densely localized EM field regions, i.e., hotspots. Figure 1c provides more details of the
broadband absorption by illustrating the spatial distribution of absorption power density Paps inside
the fractal particle. Two different wavelengths are chosen respectively, matching the absorption.
At shorter wavelengths (i.e. A =490 nm), strong absorption is achieved at the small twigs while
the big branches can effectively capture photons at longer wavelengths (i.e. A =900 nm). As a total
effect, the self-similarity induces a broadband optical response, harvesting photons from the visible
to the NIR range. Figure 1d highlights the simulated light intensity at the surface of the particle.
Multiple hotspots are naturally generated at different locations within the fractal at both
wavelengths, taking advantage of its dendritic shape. The self-similarity not only induces the
broadband absorption but also concentrates photons of different wavelengths into the same hotspot,
benefiting the light-harvesting from a broadband source (Figure S1). A large number of hotspots
effectively concentrates photons into multiple active sites, boosting hot electron production for
photocatalysis.’

Synthesis and Plasmonic Properties of Silver Fractals. Dendritic silver fractals were



synthesized from solution process with a modified strategy.*>% > Briefly, ascorbic acid was added
to a silver nitrate aqueous solution under stirring and then the grey particles appear spontaneously
as shown in Figure 2a. The morphologies of several dendritic silver fractals are shown in Figure
2b and Figure S2a. As revealed by scanning electron microscopy (SEM) images, the morphology
of the particles can be described as repeated rod-like units that assemble into dendritic fractals with
randomly arranged protrusions and narrow gaps. Their crystal structure is obtained through
transmission electron microscopy (TEM) and reported in Figure S3, deceiving a typical face-
centered cubic structure. It is necessary to note that based on the nature of chemical synthesis, the
precise control over the morphology and dimensions of the final product is limited for fractal-type
of structures, which is a restriction for its shape/size uniformity. However, their fractal features are
highly similar with good reproducibility between different synthesized batches. The absorbance
spectra of ensemble particles in the colloidal phase and scattering spectra of individual particles
on a substrate are shown in Figure 2c and S4. While we normalize the single particle extinction
spectra for the ease of comparison, the extinction spectra in Fig. 4a are measured based on two
liquid ensembles with the same concentration, demonstrating the enhanced extinction of fractals.
Fractal structures show broadband plasmonic resonances spanning from 400 to above 1100 nm.
The main reason is the varying lengths/widths/curvatures of branches and the randomly arranged
gap sizes formed between the protrusions in a single branch or between adjacent branches. This
geometrical arrangement leads to multiple plasmonic resonances with different spectral positions
and intensities, which overlap with each other to form a broadband continuous extinction
spectrum.*® In contrast, individual spheres show one main plasmonic resonance in visible range,

which broadens and extends to the NIR range after aggregation of several spheres (Figure S4).
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Figure 2. Characterization of dendritic fractals. (a) optical photo and (b) SEM images of
silver fractal NPs. (c) Normalized absorbance spectra of ensemble particles in solution and
scattering spectra of individual particles on the substrate. Pump-probe traces of silver
fractals (d) and spheres (e). (f) The lifetime of silver fractals and spheres pumped at different
laser wavelengths. Error bars represent the standard deviation of measurements in multiple
clusters.

Non-degenerate pump-probe measurements in the vis/NIR range were conducted to investigate
the ultrafast hot carrier dynamics in both kinds of plasmonic structures (Figure 2d-f).°® Samples
were prepared by drop-casting the solution containing either the Ag fractals or the Ag spheres on
a common glass slide substrate, and were left for dry before measurements. Experiments were
performed in aggregated dendritic silver fractals and spheres as a reference, which also produce
several hotspots at the touching point among spheres, as the modulated probe signal was too weak
when measuring single nanostructures. When pumping/probing at 400/800 nm, a slow decay (~2

ps) was observed for both samples, a modulation attributed to thermal electron-phonon scattering
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of intraband excited electrons.>” While, a faster dynamic was observed when pumping/probing the
sample at 500/1000 nm and 600/1200 nm wavelengths, with average lifetimes < 1 ps for both
samples, which is attributed to the excitation of a large population of hot-electrons mediated by
the huge field confinement in the hot-spots (Landau damping). As such non-thermal electron-
electron scattering contributes significantly to the signal.’®*® Limited by available setups, we
implemented pump-probe measurements constrained to a harmonic as a probe and the
corresponding second harmonic as a pump. A complete transient absorption spectroscopy®® with
probe wavelengths covering the visible may provide a panorama of the dynamics of non-thermal
carriers.

Note that similar decay behaviors were observed for both the spheres and fractals, which stems
from a large number of small gaps and hot-spots generated in the former upon aggregation. It has
been shown that tips and sharp corners are the regions emitting the higher energy carriers.'? In this
sense, the dendritic character of these fractal structures provides two main advantages: sharp tips
all over the structure and enormous surface area, both requirements for utilizing the hot-carriers.
Further discussion and examples are shown in the photocatalysis section.

High-Resolution Imaging of Multiple Hotspots on an Individual Fractal. To explore with high
spatial resolution the distribution of plasmonic hotspots in the silver fractal nanostructures, we
performed EELS measurements. Figure 3a shows the EELS results of a single fractal and a single
spherical silver NP. Spectrum No. 1 in Figure 3a (magenta line) indicates the electron energy loss
probability of a region further away from the silver dendrite. No significant EEL activity is
observed; this spectrum is then used as the reference spectrum. Spectrum No. 2 (red line) is the
EEL probability of a selected area around the spherical NP and spectra No. 3 to 7 in Figure 3a are

representing the EEL probability of different selected regions of the fractal structure as highlighted
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in the TEM images of the inset. According to the EELS data, the dendritic structure possesses a
broad energy range of surface plasmon responses, from NIR to near-ultraviolet (UV). This is
evident from the multitude of peaks in the averaged EEL spectra over the individual branches of
the fractal (spectra No. 4 to 7). The abundance of plasmon peaks in the EELS spectra of the fractal
structure results in the saturation of averaged EELS response of the whole silver fractal NP over
the entire (~1 eV to ~3.5 eV) energy window; see Figure 3a spectrum No. 3 in violet.

To better explore the effect of the differently sized nanofeatures on the broadband plasmon
response of the dendritic fractal, different regions of a single branch are studied in Figure 3c. The
distribution of plasmon peaks in spectra No. 3 to 7 suggests that the surface plasmon responses are
highly localized in the branch, and very distinct from point to point due to the diverse geometry of
the dendrites. In this regard, as shown by spectrum No. 2 in Figure 3c, the broadband surface

plasmon activity is even observed in an individual silver fractal branch.
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Figure 3. EELS measurements of a single fractal particle and a spherical particle. (a) EEL
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spectra extracted from selected areas on a silver fractal, shown in the insets, after 10
iterations of the Richardson-Lucy algorithm. (b) Annular dark-field image (scale bar = 500
nm) and EELS intensity maps of a single fractal particle averaged over the energy ranges
indicated. (¢) EEL spectra extracted from selected areas on a single branch of a silver fractal
nanostructure, shown in the insets, after 10 iterations of the Richardson-Lucy algorithm. (d)
Annular dark-field image (scale bar = 200 nm) and EELS intensity maps of a single branch
of a fractal particle averaged over the energy ranges indicated. (¢) Annular dark-field image
(scale bar = 500 nm) and EELS intensity maps of a single spherical nanoparticle averaged

over the energy ranges indicated. For better visualization of the average EELS response of
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the whole structures, spectrum No. 3 in (a) and spectrum No. 2 in (c) are shifted in the vertical
axis for clarity. A threshold was applied to remove low-intensity pixels from the averaged
spectra to reduce the noise, which is emphasized in the Richardson-Lucy deconvolution
algorithm.

As is illustrated in Figure 3b and d, the silver fractal EELS maps show EM field enhancement
around the silver fractal (which in this case serves to identify the surface plasmon resonances) in
the entire depicted energy range (~1 eV to ~3.5 eV). These enhanced field domains are primarily
localized around individual protrusions from the fractal branches (~1 to ~2.5 eV); at higher
energies (above ~2.5 eV), these domains are present throughout the fractal structure. The large
peak above 3.5 eV is present across the whole surface of the structure and can be attributed to the
response of the surface plasmon polariton. In contrast, the spherical NP shows a much lower
plasmon response relative to the fractal structure in the same energy window (Figure 3a); this
structure only demonstrates a large surface plasmon polariton response above 3.5 eV (Figure 3e).

The results presented corroborate the fact that the hierarchical structure inherent to the dendritic
fractal supports a broadband surface plasmon response, with resonances occurring at different
length scales across the fractal, ranging from the whole structure at low energy to localized
responses on the smallest fractal features at higher energy. The variety of length scales in the fractal
structure and the random arrangement of fractal components mean that multiple peaks are present
within a given energy range, localized on different areas of the structure in regions of different
local geometries.

Photocatalysis of Dimerization of pNTP molecules. As mentioned earlier, hot electrons
produced by plasmon decay can participate in chemical reactions by being injected into adsorbed

species directly for photoreduction reactions, or being transferred to electron acceptors and keep
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the holes for photooxidation reactions.®" ®* Monitoring plasmonically induced photocatalytic
reactions by in-situ SERS has been demonstrated as a powerful tool for evaluating the plasmonic
reactivity at the single-particle level.®> ® Here, the reaction on a single fractal particle was
monitored in-situ by a confocal Raman spectrometer as illustrated in Figure 4a and Table S1.
Lasers emitting at different wavelengths were used as both excitation and probe sources, and a
labelled silicon wafer was used as the substrate to identify the location of measured NPs, as
demonstrated in Figure S5. The dimerization of pNTP to form DMAB, triggered by hot electrons,
was chosen as a model reaction for this proof-of-concept study (Figure 4b).

As recently shown, low energy carriers (with energies on the order of ~ 0.15 eV) can initiate
this reaction.®® Considering that the maximum (theoretical) energy that a hot-carrier can harvest is
the same as that of the incident wavelength,’ °® this low energy barrier reaction serves as a perfect
probe to test a broadband absorber catalyst as this one. In this reaction, the hot electron can be
directly injected into the adsorbed pNTP molecules to drive the -NO> group to react with the water
absorbed on the silver surface to dimerize into a DMAB molecule.®’ Silver fractals and spheres
can be used as both SERS substrates for signal amplification and as photocatalysts to trigger the
reduction reaction simultaneously.

As shown in Figure 4f-i, before illumination (¢ = 0 min), the SERS spectrum is dominated by a
peak centered at 1346 cm™! originated from the N-O strength of pNTP on a single silver fractal and
aggregated spheres. It is important to highlight that no Raman signal can be detected on single
silver spheres, due to their low near field enhancement. For this reason, the aggregated spheres
with a similar size to a single fractal were used as a comparison. It is noteworthy that benefiting
from the complex 3D geometry of fractal, multiple hot spots generated by the self-coupled gaps

and sharp tips contribute to an average enhancement factor (EF) of ~ 107, which varied slightly
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with the change of incident light wavelength. (Figure S6) Moreover, SERS enhancement
capabilities are independent of the excitation polarization because of the random distribution of
hot spots, (Figure S7) which is a great advantage compared to hot spots between, for example,
two-spheres (dimers).®*7° Under 633 nm excitation for 1 min, the characteristic nitrogen double
bands (N=N) at 1390 and 1440 cm and C-N band at 1143 cm” of DMAB appeared, which
confirmed that amount of DMAB is formed through hot electron-induced reaction. With further
irradiation, the Raman peak intensity of the N-O band at 1346 cm™ decays and disappears after 4
min, indicating that pNTP has transformed into DMAB completely. (Figure 4g and Figure S8) For
the control sample - consisting of aggregated spheres - after illumination for 12 min, the DMAB
signals were weak, which indicates that the conversion rate of pNTP to DMAB on aggregated
spheres is slower than that on the fractal (Figure 4i and Figure S9). Moreover, the signal-to-noise
ratio on the aggregated spheres is remarkably lower, which is attributed to the low SERS
enhancement resulting from their weak plasmonic activity. While for pure pNTP powder, no
matter the laser power or time used for illumination, the Raman spectra remain unchanged and no

DMAB is formed, suggesting the absence of the photocatalyst. (Figure S10)

16



f | ANTP rn Siugle sphicre
LW ., 1] P R e
g Emgle fractal 1 Aggregalnd spheres
% \ f i 3 imic b E E E 12 min
VAG =l 1 Ao
Lo \ 10 min
f\J‘\/—-\_,,J/"‘-/‘J‘: 3.5 min A "
Vecccd Veccod 5 = i
8 [\ 3 min = \..n‘
e 0 5 eC eN = \/*\../"‘"f w ; /
o g £ 6mi
J 100 sphere § \"LA..._.—-—'-"‘/J\\-/ 2.5 min é M‘V HW
# o k= £ )
s ) \ N\ 2 min = 4 mi
= i 2 (AN B 2] o
< "~ = Z f 7 2mi
|50 \ 1.5 min
~=
=| 4 Al A5 MMWW
= 4
/ . 1 mi
M’WMM"W\ ,i
4 e T TIT
0%5140m [* 633 nm . 785 nm ¢ 1064 nm M 0.5 mi -

0 150300 0 140 280 0 200400 0 120 240 1100 1200 1300 1400 1500 1600 1100 1200 1300 1400 1500 1600

Time (s) Raman Shift (cm™) Raman Shift (cm™)

Figure 4. Broadband photocatalysis of pNTP dimerization. (a) Experimental setup for
Raman and dark field spectra measurements. The objective was used for both laser
excitation (Raman) and signal collection (Raman and darkfield). The darkfield condenser
was used for white light input during the dark field spectrum measurement. (b) Scheme for
the plasmon-catalyzed dimerization of pNTP to DMAB under irradiation on the surface of
Ag. SEM image and SERS spectra on single silver fractal (c, g), singe sphere (d, h), and
aggregated spheres (e, i) after irradiation for the different time with 633 nm laser. (f) Raman
spectrum of pure pNTP molecules. The characteristic Raman bands at 1346 and 1143, 1390,
1440 cm™ are assigned to pNTP and DMAB, respectively. All scale bars represent 1 pm. (j)
Determination of the rate constant for plasmonic induced reduction reaction of pNTP based
on the intensity change of the characteristic bands at 1440 cm™. 514, 633, 785, and 1064 nm
laser were used for excitation respectively, and the original SERS spectra are shown in Figure

S11.
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To investigate the broadband hot-electron generation, the same reaction was tested under
different illumination wavelengths. The results are summarized in Figure 4j and Figure S11. Under
broadband excitation, the dimerization reactions take place, which confirms the hot electron-
induced reactions occur under different wavelengths and with a low activation barrier (it can be
triggered by even NIR photons/carriers). When hot electrons are not present (Figure S10,
irradiation of pure pNTP), whatever laser intensity is applied, it does not induce any chemical
reaction, confirming the key role of hot electrons. The reaction speed strongly depends on the
laser’s power, which was normalized in our experiments for analyzing the reaction kinetics. The
reaction rate constant determined by the SERS intensity of the peak at 1440 cm™ is shown in Figure
4j, S11, and table S2, which was described as a function  of reaction time vs the ratio between
the peak intensity at detected time (/;) and that at the initial time (Zo). Under the same
excitation wavelength, the reaction rate on fractals is higher than that on aggregated spheres. When
excitation wavelengths are redshifted, the plasmon-assisted reaction slows down. The ratio of
reaction rate between fractals and aggregated spheres was used to determine the photocatalysis
efficiency, which is normalized for different particles and different surface areas. The ratio at 514,
633, 785, and 1064 nm was ~10, 20, 60 and 50, respectively. These results demonstrate that
broadband plasmonic features allow the flexible use of pumping lasers with wavelengths in a rather
broad spectral range (514-1064 nm) and that the strong light-harvesting ability of dendritic fractals
lead to greater activity of hot electrons generation and extraction for effective pNTP dimerization,
compared to single or aggregated spheres, suggesting its potential in promoting plasmon-driven
photocatalysis.

Photoelectrochemical (PEC) water splitting and photocatalytic hydrogen generation. For the

use of hot electrons, it is essential to harness them before they thermalize or recombine with holes.
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When the plasmonic materials are combined with semiconductors, the excited plasmon can
generate electron-hole pairs under illumination, and the generated hot electrons transfer over the
Schottky barrier to inject into the conductive band of the semiconductor and further participate in
chemical reactions. We deposited silver fractals or spheres on TiO; spin-coated on fluorine-doped
tin oxide (FTO) substrate to form a Schottky junction and assessed their catalytic performance.
Three samples, bare TiO2, sphere/TiO2, and fractal/TiO, were used for comparison. We firstly
investigated hot electron generation on individual particles during the PEC water splitting process
using a homemade photoelectrochemical cell under optical microscope objective, and the setup
and the reaction mechanism were shown in Figure 5a. The TiO»/Ag electrode is working as the
photoanode, and Pt is the counter electrode. Under visible irradiation, the plasmon-induced hot
electrons on the photoanode are collected into the circuit under the external bias and transfer to the
Pt counter electrode to generate hydrogen, while the holes left in the photoanode participate in
oxygen evolution. When the laser beam was focused on the single particle, the photocurrent
density-time curves were measured under periodically switched laser illumination. To fairly
compare the hot electron effect under tunable light, the laser power and incident angle were the
same for all measurements. The laser power is 10 mW/cm?, which is insufficient to cause
photothermal effect. As shown in Figure 5b and Sc, the photocurrent density of bare TiO> is
undetectable using irradiation (4 > 420 nm) with energy below the bandgap of TiO: (3.2 eV),
confirming the electron transitions between valent and conductive band do not take place (no
catalytic reactions happen on bare TiO,). With silver particle deposition, the photocurrent density
of fractal/TiO; is ~18 nA/cm? under 514 nm irradiation, and ~ 1 nA/cm? under 633 nm irradiation,
respectively, which is about one order higher than that of sphere/TiO». The origin of the enhanced

photocurrent density of fractal can be ascribed from both enhanced light absorption and the
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promoted hot electron generation and effective interfacial electron transfer. Noted that, the direct

hot electron transfer’! is not excluded totally, however, it is not dominant in our system.
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Figure 5. Photocurrent measured on individual silver particles. (a) Schematic illustration of
the setup and the proposed mechanism for plasmon induced electron transfer for PEC water
splitting. Time evolution of the photocurrent measured on individual silver fractal (b) and
sphere (c), respectively.

The performance of silver fractals or spheres deposited on TiO2/FTO substrate for photocatalytic
hydrogen generation was shown in Figure S12. In a sealed reactor with methanol solution (20
vol%) as the sacrificial agent, both UV and visible light (with UV-cutoff filter, 4 > 420 nm) were
used for illumination. The hydrogen generation rate of fractal/TiO: is ~1.2 and 2.1 times higher
than that of the sphere/TiO2 sample, and ~2.2 and 6.7 times higher than that of the bare TiO; sample.
The enhanced performance of fractal/TiO: is more significant under visible illumination, which is

due to the efficient generation of hot electrons in plasmonic fractals. Noted that, the large surface
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area of fractal plays an important role in improving the light absorption and consequently the hot

electron generation, which also contributes to the enhanced catalytic activity.

CONCLUSIONS

We prepared free-standing dendritic fractals through a facile chemical process. The plasmonic
features of individual fractals were systematically studied through both theoretical simulations and
experimental measurements. Silver fractals exhibited multiple LSPRs across the vis-NIR range
and randomly distributed hot spots, which support independent SERS under different wavelengths
with EF as high as 10”. Moreover, the hot spots in the Ag fractal structure enhance the generation
and extraction of hot electrons, which is confirmed by monitoring the dimerization reaction of
PpNTP molecules and photocatalytic hydrogen generation, shedding light on efficient usage of the
total spectrum of solar energy. Considering the broad applications of hot-electron-based devices,
the idea of utilizing a fractal geometry may inspire the design in other platforms for a rich manifold
of devices including photovoltaics and photodetection, which can benefit from broadband and

multiple hotspots with huge field enhancements.
METHODS

Chemicals and Materials. Silver nitrate (AgNO3, 99%) and pNTP were purchased from Sigma-
Aldrich. Titanium (IV) isopropoxide (Ci2H2804Ti, 97%) was purchased from Merch. L-ascorbic
acid (L-AA, 99%), nitrate acid, methanol, and ethanol were purchased from Da Mao chemical
reagent factory. Deionized water (Millipore) with a resistance of 18.2 MQ was used in all

experiments.
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FEM Simulations. We performed numerical simulation using COMSOL Multiphysics.

Refractive indices of Ag were taken from ref.”” The fractals NPs branches are modeled as a
truncated cone, with radius (Ro) 65 nm and height (Ho) 480 nm. The top of the cone, with radius
(r0) 32.5 nm, is truncated and replaced by part of a sphere tangent to the cone. A fractal NP is
composed of 14 branches. To model the imperfection during the synthesis, the value of R, H and
h fluctuates + 7.5% of the averaged value. The cross-section goes to an ellipse instead of a circle.
The origination of the branch also fluctuates within + 5°. On each branch, 19 twigs with similar
shape are embedded. The radius (height) of the cone is R1 = 34 nm (41 = 100 nm) and the height
of the truncated cone (/1) is 17 nm. Similar geometric disorder is embedded in all twigs.
Synthesis of Ag Particles. Before all synthesis, the glassware and stirring bars were soaked in
nitrate acid for 30 min, then rinsed with deionized water for seven times until no acid residues left.
In a typical synthesis, 0.05 mL of 0.1 M AgNO; aqueous solution and 7.5 mL water were mixed
in a 25 mL beaker under gentle stirring at 30°C. Then 2.6 mL of 0.2 mM L-AA (ascorbic acid)
aqueous solution were added swiftly. The reaction was continued for 10 min. Then, the grey
product was collected by centrifugation at 3000 rpm for 2 min and then washed several times with
alcohol/water mixture for further characterization. By changing the concentration of reagents, the
morphologies of products can be modified.

Preparation Thin Film of TiO:. The TiO; film was prepared by a sol-gel synthesis and spin
coating method.?’ The titanium precursor solution was prepared by dissolving 6.1 mL titanium (IV)
isopropoxide into 40.6 mL ethanol under vigorous stirring. After 30 min, a mixture of 17 mL
ethanol, 0.27 mL water, and 0.196 mL 68 wt% HNO; were added drop by drop into the titanium
precursor solution for hydrolysis. After 20 h under stirring, the precursor solution was spin-coated

on washed FTO substrate at 3500 rpm for 30 s. Then the TiO2/FTO film was calcined for 2 h at
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500°C.

Characterization. The morphology of the samples was characterized by SEM. The crystal
structure was determinate by a JEOL Model 2100F TEM equipped with the selected area electron
diffraction (SAED) detector. The ensemble extinction spectra were measured on the UV-vis-NIR
spectrometer. The dark field scattering spectra of a single-particle were carried out on a confocal
microprobe microscope Raman spectrometer (Renishaw Invia).

Pump-probe. Pump and probe beams were selected as the second harmonic and the fundamental
output beams, respectively, of a collinear optical parametric amplifier ORPHEUS-HP (Light
Conversion Ltd.; pulse duration of ~180 fs, repetition rate of 200 kHz) coupled to a pulsed
Yb:KGW Pharos laser system. Measurements were taken in reflection mode using a 40, NA 0.6
objective. A 5 uW pump power was used for all excitation wavelengths, and the pump-probe
fluence ratio was kept at 5:1. A motorized optical delay line, with an accuracy <I fs, was used to
introduce a controlled time difference between pump and probe beams. Measurements were
carried out with lock-in detection by modulating the pump beam with a mechanical chopper at <1-
kHz frequency. A spectrograph (PI Acton SP2300 by Princeton Instruments) coupled to a low-
noise Si photodiode (picowatt photoreceiver series PWPR-2K by Femto) was used for the
detection of the probe beam reflected by the sample. An InGaAs photodiode (DET10C2 by
Thorlabs) was used for probe beam detection when pumping/probing at the wavelengths of
600/1200nm.

EELS. Electron energy loss spectroscopy data was acquired on a double-corrected,
monochromated FEI Titan scanning transmission electron microscope (STEM) equipped with a
Gatan Quantum spectrometer. The microscope was operated at 80 keV with an energy resolution

of approximately 60 meV, as defined by the full width at half maximum of the zero-loss peak. To
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prepare the sample for STEM studies, the particles were dispersed in ethanol, sonicated, and
deposited on a lacy carbon grid. The Richardson-Lucy deconvolution algorithm was used to
increase the effective energy resolution of the spectra to approximately 35 meV. The Richardson-
Lucy deconvolution algorithm enhances noise in low-intensity pixels, so an intensity threshold
was applied prior to deconvolution and spectrum averaging to reduce the contributed noise. Data
analysis was done with a custom software, SpectrumImageAnalysisPy.”> To reduce the high-
frequency noise in the EELS signal, all spectra are filtered using the Savitzky-Golay filtering
algorithm.”

Raman and photocatalysis of dimerization of pNTP molecules: Silver particles were incubated
in 10° M pNTP solution overnight in dark to allow self-assembled monolayers’ adsorption and
then they were washed by the mixture of water and ethanol 3 times to remove the un-absorbed
molecules. The washed particles were resuspended in ethanol and then dispersed on the marked
silicon wafer for further investigations. /n-situ Raman and photocatalysis were carried out with a
confocal Raman system (Renishaw Invia). Thel00x objective with an N.A. = 0.9 was used for
signal collection. Different wavelengths of laser source were used for initiated the reaction and
excited SERS. To estimate the EF of SERS, we follow the methods as previously reported.>® 7
Calculation method of SERS EF. The EF of surface-enhanced Raman signal was calculated
50,70

following the equation (1) as reported previously:

EF = !SERS o Nbulk (1)

Ipuik  NSERs

where Isers and Thui are the characterized peak intensities at 1346 cm™ of Raman signal collected
from an individual nanostructure and a dense molecule powder, while Nsgrs and Npuik are the
numbers of detected molecules of plasmonic structure and in the molecule powder respectively,

which are calculated following the equation (2) and (5), respectively.
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Where V' is the detected volume, calculated based on the lens’s focus diameter D and depth £, which

is calculated based on the equation (3) and (4), respectively.

1.221
2.531

where 4 is the excitation wavelength and NA is the numerical aperture of the lens. The lens used
for collection was 100x with NA = 0.9 for nanostructures, and 50x with NA = 0.5 for dense
molecule powder and the calculated D and f'values are listed in Table S1. d is the density of pNTP,
which is 1.362 g/cm®. M, is the molecular weight of pNTP, which is 155.17 g/mol, and Na is
Avogadro’s number (6.02x10%* mol™).

AXn

where 4 is the surface area of active hot spots on plasmonic structures (~1.87x1071* m?), 7 is the
coverage of molecules which is estimated as 80%, and S is the size of pNTP molecules which is
reported to be 0.2 nm?.”

Based on the equation, the average EF calculated from at least 10 samples.
Photoelectrochemical water splitting. The photocurrent of single particles was measured in a
homemade photoelectrochemical cell with a three electrodes system. A Pt wire was used as a
counter electrode (photocathode), the Ag/AgCl in 3M KCI was used as a reference electrode and
the TiO; spin-coated on FTO substrate with or without deposited Ag particles was used as a
working electrode (photoanode). The electrolyte was 0.5 M Na>SO4 and the 514 nm and 633 nm

laser with a power of 10 mW/cm? were used as excitation under the optical microscope objective.
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The laser was focused on individual fractals or aggregated spheres with similar sizes of individual

fractals through a water immersion objective (63 x , NA = 0.9). The photocurrent density-time (J-

t) curves were collected by an electrochemical workstation (Autolab) under light irradiation.

Photocatalytic water reduction for hydrogen generation. 1 mg silver spheres or fractals were
drop-casted on 1x1 ¢cm? TiO»/FTO film for photocatalytic measurements. The sample was placed
inside a gas-tight 75 mL reactor with a quartz window. 5 mL methanol solution (20 vo/%) was
used as the sacrificial agent, both UV light (1 = 260~380 nm, 9.05 mW/cm?) and visible light (with
UV-cutoff filter, A > 420 nm, 300 mW/cm?) were used for illumination. Before reaction, the reactor
was purged with argon gas for 30 min to remove dissolved oxygen. The reaction temperature was
kept at 20°C by recycling water, and the amount of hydrogen generation was periodically analyzed
via gas chromatography (Shimadzu GC-2010 Plus). The detector and columns used for the

hydrogen detection are Barrier Discharge Ionization detector and Restek Shin Carbon.
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We designed and synthesized silver fractal structures with the broadband generation of hot
electrons for better matching with the solar radiation spectrum. We directly revealed the plasmonic
origin, the spatial distribution, and the decay dynamics of hot electrons on a single-particle level.
Hot-electron-triggered dimerization of para-nitropthiophenol and hydrogen production are

investigated under various irradiation and the fractals were confirmed with improved efficiency.
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