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ABSTRACT

Plasmonic nanostructures stand at the forefront of nanophotonics research, particularly in sensing and energy conversion
applications. Their unique ability to confine light energy at the nanoscale makes them indispensable for a wide array of
technological advancements. The study of these structures often makes use of different materials and, even more extensively,
explores new shapes and configurations to extend our common repertoire of useful nanophotonics tools. Exploring the creation
of bimetallic plasmonic nanostructures combines these two dimensions determining the space of possible plasmonic resonators
and opens the possibility of tailoring systems with behavior unavailable to single-metal plasmonic structures. In this paper, we
delve into the exploration of bimetallic systems employing plasmonic nanostars. These structures have demonstrated remarkable
capabilities for surface-enhanced Raman scattering (SERS) spectroscopy and photochemistry, due to the strong plasmonic .
response of their peaks, whose disposition following a spherical symmetry makes them largely polarization- and orientation-
insensitive. Herein, we report the colloidal synthesis of two different water-stable Au@Ag nanostars, explore their performance
as photocatalysts and SERS substrates, and provide an in-depth account of their non-trivial physical response.
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12]. These can drive chemical transformations at the surface of the
plasmonic NPs, or transfer these carriers to the TiO, [13, 14],

1 Introduction

The application of plasmonic nanostructures to improve the state
of the art in photocatalysis is a particularly active pursuit, on
account of the potential of these optically resonant materials to
photosensitize wide-band semiconductor photocatalysts or
catalytic metals [1,2], or affect the product selectivity in
photocatalytic reactions [3,4]. In the last decade, nanocomposites
assembled using titanium dioxide (TiO,) and plasmonic
nanoparticles (NPs) as building blocks have become interesting
materials for the development of new photocatalytic hybrids. NPs-
TiO, nanocomposites have been used in different environmental
and energy fields such as, degradation of organic pollutants [5, 6],
water splitting [7, 8], nitrogen photofixation and conversion of
CO, to hydrocarbon fuels [9,10]. One of the mechanisms by
which plasmonic NPs can affect the course of the reaction is by
injecting highly energetic charge carriers excited in the metal [11,

whose valence and conduction bands are well-aligned to several
reactions of energy interest, including water-splitting and its
consequent generation of reactive oxygen species (ROS) [15, 16].
Not less important for mechanisms in delivering the energy in the
plasmonic modes to the NPs’” environment are the enhancement
of optical phenomena through their strong near-fields [17-20],
and the increase of local temperature through the photoheating
caused by the dissipation of the energy in electronic degrees of
freedom through their interaction with the lattice’s phonons
[21-23].

An additional reason why plasmonic NPs are interesting in
nanophotonics, and in solar energy harvesting, is that their optical,
and overall physical properties can be plied substantially through
changing their material composition and geometry. These two
dimensions configure a rich design space for plasmonic NPs.
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There is a significant variety of metal and non-metal plasmonic
materials of interest, but “traditional” plasmonic noble metals still
retain untapped potential, especially, as we will discuss, when
considering multimetallic configurations. AuNPs are widely
applied in the assembly of metal-semiconductor nanocomposites
thanks to their high biocompatibility, easy surface modification
and chemical stability [24-26]. Thanks to its strong optical
response and lower cost, AgNPs offers extra advantages in fields
such as electron transport, surface-enhanced Raman scattering
(SERS) spectroscopy or plasmonic sensing [27,28]. AgNPs also
exhibit a higher electric field enhancements and stronger
plasmonic resonances that, together with the limited interband
damping effect, ensures elevated hot-electron injection rates and
improved photosensitization of the semiconductor in nanorods-
TiO, composites [29]. Although the synthesis of monometallic
anisotropic AgNPs with localized surface plasmon resonance
(LSPR) absorption peaks in the visible-near infrared (NIR) interval
have been widely applied, the preparation of pure anisotropic
forms like stars or rods with sizes under 80 nm has been
challenging [30]. In the context of photocatalysis, geometries with
abundant and strong hot electromagnetic hot spots, such as

(a)
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nanostars (NSt), offer great promise for carving a path towards
larger yields for a given amount of metal [31, 32].

Herein, the behavior of bimetallic gold@silver nanostars
(Au@AgNSt) is studied, to map the potential of these hybrid
systems in photocatalysis and sensing, expanding on prior
explorations of Au@Ag bimetallic rods in such contexts [29, 33,
34]. Two types of Au@AgNSt were prepared through the growth
of a homogeneous Ag shell using AuNSt as templates. By
assembling the different NSt into a SiO,@TiO,-NPs composite,
both experimental and theoretical studies were conducted to
examine the role of morphology and composition in the
photosensitizing capabilities of these hybrids. These results were
correlated with the experimental photocatalytic and SERS
sensitivity behavior of each hybrid under different light
illuminations to elucidate the relative importance of their
corresponding electromagnetic field enhancements and hot
electron (HE) excitation rates in TiO, photosensitization.

2 Results and discussion
AuNSt with cores of 35 (+ 4) nm, spikes of 9 (+ 2) nm (Fig. 1(a),

e Sk
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Figure1 (a) Transmission electron microscopy (TEM) images of AuNSt. High-resolution TEM (HR-TEM) images of (b) Au@Agl and ((c) and (d)) Au@Ag2. (e)
Experimental (solid) and theoretical (dotted) extinction spectra of AuNSt (orange), Au@Ag1 (light blue) and Au@Ag2 (dark blue). Scanning transmission electron

microscopy (STEM) images and EDX mappings for (f) Au@Agl and (g) Au@Ag2.
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and Figs. Sl(a) and SI(d) in the Electronic Supplementary
Material (ESM)) and plasmon signature centered in 684 (orange
spectra, Fig.1(e)) were prepared according to a procedure
previously reported [32]. Subsequently, the synthetized AuNSt
were used as a template for the synthesis of two types of Au@Ag
NSt by growing a different thickness of silver [35]. Thus, we
prepare Au@Agl with 40 (+ 4) nm of core and 8 (+ 2) nm of
spikes (Fig.1(b), and Figs. S1(b) and Sl(e) in the ESM) and
Au@Ag2 with 45 (+ 5) nm of core and 6 (+ 2) nm of spikes (Fig.
1(c), and Figs. S1(c) and S1(f) in the ESM). Interestingly, when the
amount of silver is increased the growth takes place preferentially
among the Au spikes and we observe more rounded
morphologies (Fig. 1(d)). The star shape was reshaped with
thicker and shorter tips as we observed in another branched
Au@Ag nanoparticles [34]. Nevertheless, both core-shell
nanoparticles have a strong plasmonic signatures centered in 588
for the of Au@Agl and in 558 nm for Au@Ag2 NSt (light and
dark blue lines, respectively, Fig. 1(e)). Computational models of
these NSt were created (inserts in Figs. 1(a)-1(c)) and their
simulated extinction spectra shows good agreement with the
experimental results (dotted spectra, Fig.1(e)). Additional
computational results for pure Ag NSt, shown in Fig. S2 in the
ESM, illustrate the blue-shift effect of changing the aspect ratio of
the NSt tips when adding the outer Ag layer. The energy-
dispersive X-ray spectroscopy (EDX) mappings for Au@Ag! (Fig.
1(f)) and for Au@Ag2 (Fig.1(g)) show a homogeneous
distribution of the Ag shell.

The photocatalytic efficiency of the synthetized nanocomposites
has been evaluated through the photodegradation of Rhodamine
B (RhB) as a model reaction. The photocatalytic efficiency of the
synthesized nanocomposites (see Figs. 2(a) and 2(c)-2(e)) has
been evaluated through the photodegradation of RhB as a model
reaction. The degradation of RhB occurs by means of hydroxyl
radicals produced by the interaction of holes with the H,O
molecules, demethylating RhB to form Rh110 [16]. In this
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manner, the photo-oxidation of this dye in the presence of the
hybrids was monitored by following the decrease in the absorption
maximum of a RhB (A = 554 nm) as a function of time, using a
solar simulator with fiber optic coupling with irradiation of A =
350-2400 nm (Fig. S4 in the ESM). As a control experiment, silica
spheres functionalized only with TiO, NPs was used as a catalyst
and a 254% of degradation of RhB is observed after 5 h of
reaction (black circles, Fig.3(a)) as a result of the direct
photoexcitation of the semiconductor with the small fraction of
UV photons. When the experiment was carried out using the
TiO, NPs in contact with the AuNSt we observed an increased
degradation of the dye (93.8%) after the same irradiation time
(orange circles, Fig.3(a)). Interestingly, when the silver-coated
nanostars are used a loss in the photocatalytic efficiency of the
hybrids is observed (63.9% and 53.1% for Au@Agl and Au@Ag2,
light and dark blue circles, respectively, Figs. 3(a) and 3(b)). These
results are somewhat surprising, as often silver nanostructures
offer a stronger photocatalytic effect than that of gold [27, 30], and
previous experimental and theoretical results point towards using
Au@Ag nanostructures as enhanced photocatalysts [29, 33]. These
new results therefore highlight that such strategy is strongly
geometry-dependent, and merit an in-depth analysis supported by
a detailed characterization of these plasmonic systems.

In order to evaluate the photosensitizing capabilities of the
prepared NSt we integrate them into hybrid photocatalysts. For
this purpose, 500 nm silica beads exposed to a positively-charged
solution of polyelectrolyte have been used as supports for the
adsorption of a layer of 5 nm TiO, nanoparticles and the NSt
functionalized with a negatively charged polyelectrolyte (Fig. 2(a)).
This layer-by-layer protocol (LbL) has been previously used for
the assembly of plasmonic nanoparticles (PNPs) and
semiconductors permitting a tight control in the composition and
functionality of the final structure [29]. Moreover, the
Si0,@TiO,@NSt hybrids formed in this way present the same
PNP/TiO, molar ratio (0.12), high homogeneity and colloidal
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Figure2 (a) Scheme of the layer-by-layer assembly of the hybrid photocatalysts. In a first step, TiO, NPs are adsorbed onto SiO, spheres and, subsequently, the
chosen NSt is added. (b) Extinction spectra of hybrid photocatalysts formed with AuNSt (orange), Au@Ag] (light blue) and Au@Ag2 (blue). (c)-(e) TEM images of

the hybrid photocatalysts formed with AuNSt, Au@Agl and Au@Ag2, respectively.
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Figure 3 (a) Photocatalytic activity profiles and (b) normalized reaction rates of the catalysts when the solution was exciting with wavelength from 350 to 2400 nm
after 5 h of irradiation. (c) Rate of degradation of RhB after 5 h of illumination using the bandpass filters normalized by the area of the transmission spectra of each
filter (see Fig. S5 in the ESM). (d)-(g) Photocatalytic activity profiles of the hybrid using the 40 nm bandpass filters at 400, 450, 850 nm and at the A,,,,, of the absorption
spectra for each catalyst. (h)-(k) Normalized reaction rate in the degradation of RhB using the filters of reference and with the filter that cover the A, of the
absorption spectra for each catalyst. The reaction rates in panels (c) and (h)-(k) are normalized by the amount of degradation achieved by TiO, under 400 nm light.
The results are presented with a color code depending on the photocatalysts, with TiO, alone, AuNSt, Au@Agl and Au@Ag? represented in black, orange, light blue

and dark blue, respectively. The photocatalysis is conducted at 1 atm and 25 °C for 5 h.

stability (Figs. 2(c)-2(e) and Figs. S3(a)-S3(c) in the ESM).
Regarding the optical properties, the hybrids display a strong
extinction at short wavelengths as a consequence of the TiO,
absorption in the UV region and a pronounced scattering
contribution from the SiO, beads (Fig.2(b)), with a long tail
covering the full visible spectrum. The LSPR signatures of the
different NSt are nonetheless still discernible, with the expected
small red shift due to the increased effective refractive index
around the plasmonic NSt from the SiO, and TiO,.

Let us start the analysis of these photocatalysts by disentangling
the spectral response of the hybrid photocatalytic systems,
exploring which plasmonic modes are contributing to the overall
activity. For this, the degradation of RhB was performed using
bandpass filters, with a spectral width of 40 nm, with wavelengths
centered every 50 nm from 400 to 850 nm (Figs. S4-S6 in the
ESM). The spectral degradation profiles are shown in Fig. 3(c),
weighted by the transmission of each filter and taking as
normalized to reference degradation of TiO, at 400 nm.
Interestingly, we see additional features in these spectra beyond
those in the absorbance of the NSt (Fig. 1(e)) and, importantly, we
also find that the main plasmonic mode of the Au@AgNSt is

significantly less efficient than that of the AuNSt. The maximum
degradation of the organic dye in the main plasmonic mode was
reached using the 700 nm filter for AuNSt, the 600 nm filter for
Au@Ag] and the 550 nm filter for Au@Ag2 (achieving 14.88%,
8.63% and 5.76% degradation after 5 h, respectively. Fig. 3(c)).
Additionally, we see that the Au@AgNSt degrade the RhB notably
well at shorter wavelengths, even surpassing the efficiency at the
main peak at 400 nm. Note that this occurs at wavelengths for
which we see no clear evidence of a plasmonic mode in the optical
spectra (refer again to Fig 1(d)), and coincide with the
wavelengths in which the TiO, is directly contributing to the
photodegradation (see Fig. 3(c), black points). In Figs. 3(d)-3(g)
we show absolute degradation percentages for each catalyst to see
the kinetics leading to the results above. Please note that each of
these panels highlight notable wavelengths for each catalyst, and
the main plasmonic mode is different between Figs. 3(d)-3(g). We
observe the fastest degradation in the case of AuNSt at 700 nm
(red line, Fig.3(e)) with almost the double of degradation rate
compared with Au@Agl and Au@Ag2 at 600 and 550 nm (yellow
and green lines in Figs. 3(f) and 3(g), respectively). In the case of
exciting the catalyst with AuNSt at shorter wavelengths (filters at
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400 and 450 nm) the contribution of the plasmonics nanoparticles
to the TiO, photoactivation are practically null (Figs. 3(h) and
3(i)). Lastly, in Figs. 3(h)-3(k) we summarize the normalized
reaction rates for wavelengths selected in the previous panels,
which highlight the relevant relative magnitudes of the different
spectral contributions and the distinct behavior between AuNSt
and Au@AgNSt. At this point, the photodegradation spectra for
Au@AgNSt shows that their overall contribution, smaller than
that of AuNSt, is divided between two modes, the second of which
can arise through the Ag-mediated enhancement of absorption in
the TiO,. However, we will argue that, although present, this is not
the dominant mechanism creating these short-wavelength
photodegradation modes, but the photogeneration of hot carrier
at the Ag surface. Is also important to note that photocatalytic
experiments were performed with a sample in a thermal bath at a
fixed temperature of 25 °C, so that temperature-driven
photocatalysis was ruled out as a relevant contribution to the
overall effect [15].

SERS characterization was employed to deepen our
understanding of the contributions of the metal NSt to the optical
excitation of nearby species through near-field interaction (Fig. 4).
Enhanced Raman was collected with three laser lines at 514, 633,
and 785 nm, respectively, as highlighted in Fig.3(c). Figures
4(a)—4(c) show the absorption and emission spectra of RhB, the
SERS/surface-enhanced resonance Raman scattering (SERRS)
spectra of the molecule upon excitation with each of the laser lines
and the (normalized and absolute) intensities obtained with each
of the nanostars at the different excitation lights.

Initially focusing on the curve for AuNSt, it exhibits a clear
growth as the wavelength increases, with the most significant
enhancement occurring near the long-wavelength dipolar
plasmonic mode of the NSt. At this wavelength, the Au@AgNSt
contribution to the SERS signal is modest. Interestingly, the signal
obtained at 633 nm from the AuNSt sample falls below that of
both Au@AgNSt, as we are now closer to the main resonances of
these latter bimetallic structures. Furthermore, at 514 nm, the
AuNSt do not contribute to the SERS intensity due to Au
interband excitation [27]. However, the Ag-coated NSt provide a
much larger signal at this wavelength, attributed to several factors:
the absence of interband transitions in Ag at these energies, the

(a)
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field enhancement of the Au@AgNSt plasmonic modes, and the
presence of a strong absorption line of RhB. Hence, it becomes
evident that we are observing doubly resonant phenomena, ie.,
SERRS [36].

To further disentangle the effect of the plasmonic near-field and
the resonant charge transfer to RhB, we have also characterized
these NSt using benzenethiol as a SERS reporter. Benzenethiol was
chosen because neither its absorption nor emission overlaps with
the plasmonic modes of the NSt (see Fig. 4(d)), and the signal is
solely attributable to the exchange of virtual photons [37]. In this
case, the collected SERS intensity spectra in Fig. 4(f) are clearly
dominated by the strong dipolar plasmon in Au, with the mixed
bimetallic plasmonic modes of the Au@AgNSt offering a much
weaker contribution. Additionally, in the normalized data shown
in Fig. 4(e), a clearer correlation between these SERS datasets and
the spectra of the plasmonic modes (Fig. 1(e)) can be observed.

It is now apparent that in Figs. 4(b) and 4(c), the resonant (514
nm) and pre-resonant (633 nm) optical excitation of RhB with the
Au@AgNSt is observed. This mechanism leads to photobleaching,
suggesting its contribution to the overall photodegradation effect
(Fig. 3) observed using the hybrid photocatalysts (Fig.2) for
wavelengths overlapping with the RhB absorption spectrum.
However, as the relative strengths between AuNSt and
Au@AgNSt in Fig. 4(c) at these wavelengths are not preserved in
the spectrally-resolved photodegradation results (Fig. 3(c)), this is
not the dominant mechanism in the overall photodegradation.
The injection of plasmonic intraband hot carriers is more likely to
be the dominant photodegradation mechanism, mediated by their
injection into TiO, nanoparticles and the subsequent generation of
reactive oxygen species [38,39]. Additionally, since none of the
NSt exhibit a clear plasmonic mode around wavelengths of 400
nm (Fig. 1(e)), plasmonic enhancement of TiO, optical excitation
is unlikely to significantly contribute to RhB photodegradation.

Finally, we perform theoretical simulations to explore the
detailed response of these NSt and contrast them against the
different  experimental data and characterization. The
electrodynamic simulations were performed with COMSOL, and
the hot carrier excitation was modelled using a semiclassical
formalism accounting for the quantum effects allowing optical
transitions at the metal surface. Details of the computational
technique and physical model can be found in the ESM. The

800
Wavelength (nm) Raman shift (cm~")

(d)

L

(b) (c)
Rha \ 514 nm z: 1.0 1 'g25 1
Absorption \ ";0 8 'EZU ]
mission : 'an—.‘ I{.I')
< =
\ 633nm| 206 €15 4
1\ £ / 3
\ Q
\ Tos <10 4
\ %‘ =
\ 785 nm 02 g 5
I ”‘ J‘ 5 g
J T =
——— T T T T 0.0 —# 0 4
300 400 500 600 400 1200 1600 514 633 785 514 633 785

Wavelength (nm) Wavelength (nm)

—
—h
=

BT

Absorption

1 514 nm|
A A LL -

| | I 633 nm)
785 nm|
missio! A ;

Mormalized intensity (a.u.)

300400 500 600 400 800 1200 1600
Wavelength (nm) Raman shift (cm™)

1.0 - s | T10] i
=

0.8 Eg]
1

0.6 € 6
o
Q

0.4 Z 4
>

0.2 @ 2 y
@O
=

0.0 L £ ol

514 633 785 514 633 785

Wavelength (nm) Wavelength (nm)
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geometries of the three types of NSt were created to match the
general geometry seen in the TEM images, with larger spherical
symmetry to create more general models, and the
ultraviolet-visible (UV-Vis) spectroscopy data. The three-
dimensional (3D) models in Figs. 1(a)-1(c) represent these
geometries, and the dashed spectra in Fig. 1(e) are the normalized
extinction cross-sections from the simulations. We can find the
central computational results in Fig. 5, with panel a showing the
spectra of rate HE, the computed rates of excitation of intraband
hot carriers at the interfaces between metal and environment.
These rates for the excitation of electron and holes with excess
energy were computed using a semiclassical formalism accounting
for the optical transitions allowed by the symmetry-breaking of
the NP surfaces (additional details in the ESM and Refs. [40, 41].

FE=[E(r)]'/E,

where E(r) is the electric field at point r and E, is the electric field’s
amplitude of the planewave impinging on the nanostructure.
Figure 5(c) shows the spectra for this magnitude, averaged over a
small volume surrounding the NSt surface. These data show the
enhancement at the plasmonic mode of the NSt, with lower peak
values for the Ag-coated systems. The dashed line in Fig. 5(c)
marks the wavelength corresponding to the main absorption peak
of RhB, at 525 nm (see Fig. 4(a)), which partially overlaps with the
Au@AgNSt modes. From these results we could expect a
plasmonic enhancement of RhB’s optical absorption only by the
bimetallic stars and in an amount that increases with the thickness
of deposited Ag, in correspondence with our SERS results (Fig.
4(c)). On the other hand, the enhancement at shorter wavelengths
is small for the Au@AgNSt, negligible for the AuNSt, and with no
discernable spectral features, suggesting that the plasmonic NSt
enhancement of the absorption in the TiO, NPs is not a major
contributor to the photodegradation observed experimentally.
Figures 5(d)—5(f) show FE maps at the surface of the NSt and on a
transversal cross section of the space surrounding them, under
525 nm light. These maps were obtained for a single polarization
of the incoming light, thus showcasing a lateral charge separation
in the chosen perspective, being clearest for the Au@Ag2NSt in
Fig. 5(f) because at this wavelength we are closest to its plasmonic

a) (b)

p—
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mode. This is also evident from the larger FE values seen for this
structure. Field enhancement maps for other significant
wavelengths can be found in Fig. S8 in the ESM.

3 Conclusion

Bimetallic Au@AgNSt were prepareded using AuNSt as a
template and tested as photosensitizers in hybrid photocatalytic
systems, using RhB degradation as a model reaction. Using a
combination of SERS, with both RhB and benzenethiol as Raman
reporters, and computational characterization of the nanostars, it
was shown that the dominant driver of photodegradation is most
likely the injection of hot carriers from the plasmonic structures.
Characterization revealed the presence of a secondary mode in the
excitation of plasmonic intraband hot carriers at the Ag surface,
which was not expected by simply examining the optical response
of the bimetallic nanostars. Jointly, the photodegradation and
characterization results highlight that creating multimetallic
plasmonic structures with complex geometries can yield novel and
interesting behavior, emphasizing the interest in exploring
comparatively unexplored design spaces.
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Electronic Supplementary Material: Supplementary material
(detailed methodology, NSt size histograms, additional TEM
images, photocatalysis setup, filter spectra, detailed degradation
data, and additional computational results) is available in the
online version of this article at https://doi.org/10.1007/s12274-024-
6950-5.
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