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ABSTRACT: Plasmonic metal nanoparticles (NPs) show promise in a variety of \ e e , '
applications, ranging from theranostics to chemical sensing, with chemical sensing G — —
made possible by the sensitivity of the localized surface plasmon resonance Veir>Vaep Ve Vait & ‘

(LSPR) to the surrounding dielectric environment. Au NPs have been the

standard for LSPR sensing applications due to their narrow plasmon band, tunable

LSPR maximum, and relative chemical stability; however, the comparatively low refractive index sensitivity (RIS) and morphological
instability of Au nanostructures are limiting factors. Recent research has found that incorporating Pd into Au systems can increase
RIS and impart multifunctionality, but how the distribution of Pd within Au-based nanostructures affects LSPR sensing is unclear.
Here, Au—Pd heterostructures with different Au—Pd distributions were prepared to systematically study the effect of Pd distribution
on RIS. Specifically, symmetrically branched Au nanocrystals with O, symmetry (i.e., octopods) were selected as building blocks as
their branch tips concentrate E-fields locally. Using these nanocrystals as seeds, Pd-tipped Au octopods and core@shell Au@Pd
octopods were synthesized for comparison to alloy Au—Pd octopods and all-Au octopods. Through experiment and simulation, we
show that RIS depends both on Pd loading and location in Au—Pd heterostructures, with the Pd-tipped Au octopods displaying the
highest RIS while maintaining a moderate figure of merit. This systematic analysis highlights that localization of Pd at LSPR hotspots
is critical to achieving the highest RIS, with this insight intended to guide design of future LSPR sensors that move beyond the all-Au

standard.

B INTRODUCTION

Plasmonic nanoparticles (NPs), with their tunable light
scattering and absorption properties, are of interest in chemical
sensing, nanomedicine, and energy conversion pla\tforms.l_7
When a surface plasmon is confined to the nanoscale, the
coherent oscillation of conduction electrons becomes localized
and resonates at a specific energy.”’ This energy and
corresponding linewidth of the localized surface plasmon
resonance (LSPR) depend on NP size, shape, composition,
and surroundings.” This dependence on NP surroundings
motivates the development of LSPR sensors, where a shift in
the LSPR maximum can be detected when the environment of
a NP changes."” Traditionally, Au or Ag NPs have been used
for LSPR sensors as their LSPRs occur in the visible region and
both materials give narrow plasmon bands."” However, these
materials have limitations, including the structural instability of
Au and Ag nanostructures and the chemical instability (ie.,
oxidation) of Ag.

To mitigate these limitations, integrating metals such as Pd
or Pt into Ag or Au nanostructures has gained interest.” "
Initially, much of this interest stemmed from the catalytic
properties of Pd and Pt, and the promise of plasmon-mediated
catalysis, with Pd or Pt being viewed as poor plasmonic metals
themselves.'”'" This perspective has shifted in the case of Pd
on account of its high thermal stability relative to Au and Ag
and the low spectral dispersion of the real component of the
Pd dielectric function compared to Au and Ag across the
visible spectrum.'’ This low spectral dispersion is promising
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for LSPR sensing applications, where refractive index
sensitivity (RIS), defined as the shift in LSPR maximum per
change in refractive index (RI), is the primary metric."
However, this feature is not generally exploited by all-Pd
structures as the large imaginary component of the Pd
dielectric results in significant plasmon damping.'' To
compensate, Pd can be added to a plasmonic material with a
narrow and tunable LSPR, for example, Au NPs.*'° In this
way, the benefits of each metal are integrated into one NP
platform while minimizing their disadvantages. For example,
previous work in our group showed the promise of alloyed
AuPd octopods (eight-branched nanocrystals with O,
symmetry) as plasmonic sensors, boasting a RIS as high as
556 nm/RIU with an LSPR in the visible region.9 Building
from this achievement, we hypothesized that how Pd was
integrated with Au would affect the LSPR sensing properties.
Specifically, a distinction between alloying and segregated
phases is needed as alloying Pd with Au leads to significant line
broadening."”” However, how the Pd spatial distribution in
different heterostructures will affect LSPR sensing properties
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remains unclear. With this in mind, we further hypothesized
that positioning Pd at the hotspots of individual nanocrystals
would provide the greatest RIS while minimizing LSPR
broadening.

To test this hypothesis, all-Au octopods were selected as
building blocks to Au—Pd heterostructures as their branch tips
concentrate E-fields locally. Using these nanocrystals as seeds,
Pd-tipped Au octopods and core@shell Au@Pd octopods were
synthesized for comparison to alloyed AuPd octopods and all-
Au octopods. Experimental measurements of RIS are
complemented with finite-difference time-domain (FDTD)
simulations to gain insights into how both Pd loading and
distribution contribute to the RIS of the various nanocrystals.
As will be shown, localization of Pd at the hotspots provides
the greatest benefits in terms of maximizing RIS while limiting
LSPR broadening, providing a guidepost for designing future
plasmonic sensors with enhanced properties.

B MATERIALS AND METHODS

Materials. Chloroauric acid (HAuCl,-3H,0, >99.9%),
hexadecyltrimethylammonium bromide (CTAB, BioUltra,
>99.5%), cetyltrimethylammonium chloride solution (CTAC,
0.78125 M), L-ascorbic acid (L-AA, 99%), trisodium citrate
(>99%), and Pd(II) chloride (PdCl,, 99.98%) were purchased
from Sigma-Aldrich. Sodium bromide (NaBr, 99.50%) and
dimethyl sulfoxide (DMSO, ACS reagent grade) were
purchased from J.T. Baker. Poly(styrene sulfonic acid) sodium
salt (Na—PSSA, MW 70,000) was purchased from Alfa Aesar.
Hydrochloric acid (1 M) was purchased from Mallinckrodt.
Hydrogen tetrachloropalladate (H,PdCl,, 10 mM) was
synthesized through the dissolution of Pd(II) chloride in 20
mM hydrochloric acid under mild heat and stirring. Nanopure
water (18.2 MQ-cm) was used for every experiment.

Synthesis of Small Au Octahedra as Seeds for Au
Cubes. A modified literature procedure for the synthesis of Au
octahedra was used.* Briefly, 250 uL of HAuCl, (10 mM)
aqueous solution was mixed through inversion of the capped
reaction vial with 8.2 mL of nanopure water and 1.5 mL of
CTAB (100 mM). Then, 120 uL of trisodium citrate (100
mM) was added and mixed through inversion. The vial was
then placed in a 110 °C oil bath overnight. Particles were
collected through centrifugation (8000 rpm, 15 min) and were
then redispersed in 3 mL of nanopure water. The seed
concentration was then standardized such that a 10:1 dilution
of the NPs had an absorbance at 400 nm (A,q) of 0.14.

Synthesis of Au Cubes. To a 30 mL reaction vial
containing 21.4 mL of nanopure water, 100 uL of HAuCI,
(100 mM) and 2 mL of CTAB (200 mM) aqueous solutions
were added and mixed through inversion of the capped
reaction vial. Then, 1.5 mL of freshly prepared L-AA (100
mM) solution was added and mixed through inversion.
Directly after, 1.0 mL of small Au seeds (see above) was
added and mixed through inversion. The vial was placed in a
25 °C oil bath overnight. Particles were collected via
centrifugation (8000 rpm, 15 min) and were then redispersed
in 3 mL of nanopure water. See Table S1 for additional details
concerning Ay, standardization and seed volume change for
the synthesis of smaller cubes.

Synthesis of Au Octopods. A modified literature
synthesis was used.'® Briefly, 275 uL of HAuCl, (100 mM),
2.5 mL of NaBr (50 mM), and 2.0 mL of CTAC (200 mM)
aqueous solutions were added to a 30 mL reaction vial, diluted
to 23.5 mL with nanopure water, and mixed through inversion

of the capped reaction vial. Then, 1.5 mL of freshly prepared L-
AA (100 mM) aqueous solution was added and mixed through
inversion. Directly after, 1.0 mL of Au cube seeds was added
followed by mixing through inversion (see Table S1 for
specifics on seeds used). The vial was then placed in a 25 °C
oil bath for 2.5 h. Particles were then collected via
centrifugation (3900 rpm, 30 min) and redispersed in 3 mL
of nanopure water.

Synthesis of Pd-Tipped Au Octopods. For specific
samples, experimental details can be found in Table S2. In a
typical synthesis, 19.9 mL of nanopure water, 100 uL of
H,PdCl, (10 mM), 2.0 mL of CTAC (200 mM), and 2.0 mL
of trisodium citrate (100 mM) were added to a 30 mL reaction
vial and mixed through inversion. Then, 1.5 mL of freshly
prepared 1-AA (100 mM) was added and mixed through
inversion of the capped reaction vial. Directly after, 1.0 mL of
Au octopod seeds was added and mixed through inversion.
The vials were added to a 25 °C oil bath for 4 h after which
particles were collected via centrifugation (3900 rpm, 30 min)
and redispersed in 3 mL of nanopure water.

Synthesis of Au@Pd Octopods. For specific samples,
experimental details can be found in Table S2. In a typical
synthesis, 21.9 mL of nanopure water, 100 L of H,PdCl, (10
mM), and 2.0 mL of CTAB (200 mM) were added in a 30 mL
reaction vial and mixed through inversion. Then, 1.5 mL of
freshly prepared L-AA (100 mM) was added and mixed
through inversion. Directly after, 1.0 mL of Au octopod seeds
was added and mixed through inversion. The vials were added
to a 25 °C oil bath for 4 h after which particles were collected
via centrifugation (3900 rpm, 30 min) and redispersed in 3 mL
of nanopure water.

RIS Experiments. Water/DMSO mixtures ranging from
0% v/v DMSO to 100% DMSO at 20% intervals were used to
change the RI experienced by the Au octopods and Au—Pd
heterostructures analyzed. The RI of the mixtures was
calculated using the Lorentz—Lorenz model

("12)2 -1 ¢1(("1)2 - 1) + ¢z(("2)2 - 1)
() +2 () +2 (n,)* + 2

where n;, is the RI of the mixture, n; is the RI of water
(1.3334), n, is the RI of DMSO (1.4772), and ¢, and ¢, are
the volume fractions of water and DMSO, respectively. To
ensure colloidal stability, NPs were dispersed in 12 mL of 2
mg/mL poly(styrene sulfonic acid) sodium salt aqueous
solution, concentrated via centrifugation and then dispersed
to 2 mL of Na—PSSA aqueous solution. 100 L aliquots of this
solution were dispersed in 1 mL of the desired water/DMSO
mixture (0% v/v DMSO, 20, 40, 60, 80, and 100%), and the
LSPR of the NPs were measured by UV—visible spectroscopy.
The concentration of Na—PSSA was kept constant in all cases
to keep the impact on the mixture of the NP and water/
DMSO constant. The RI of Na—PSSA is 1.3875 RIU at 20
°C.'® The figure of merit (FOM) was calculated by dividing
the RIS of the NPs by the full width at half-maximum
(FWHM) of the LSPR.

FDTD Simulations. FDTD simulations were conducted
using the Lumerical software. Octopod models were created
using Blender software, where the initial Au octopod model
had a face diagonal length of 100 nm, branch width of 50 nm,
and a tip width of 18 nm (Figure S1). Pd islands were added to
the model by randomly distributing 5 nm spheres around a
branch tip and then copying their distribution to the remaining
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Figure 1. (A—D) Representative SEM images of Pd-tipped Au octopods with different Pd loadings determined through SEM—EDS with increasing
atomic percent Pd denoted in A—D. (E) STEM and (F—H) STEM—EDS elemental mapping of sample C with Au shown in yellow (F), Pd shown
in red (G), and the overlay of the two (H). (I]) Plots of line scan analysis following the arrows in E from left to right with the blue arrow (I) and

the magenta arrow (J) indicating tip localization of Pd.

branch tips. The dome-like arrangement of the spheres was
achieved through placing the sphere centroid in contact with
the seed mesh. The loadings were calculated through a
difference in mesh volume before and after Pd addition. The
volumes were then converted to mole values to get a percent
Pd. The Au model was assigned a mesh priority of 1, and the
Pd additions were assigned a mesh priority of 2 for the
simulations. The dielectric function for Au was fitted to optical
data from Johnson and Christy."” The dielectric function for
Pd was fitted to optical data from Palik.'® The RI of the
background medium varied between 1.3334 and 1.4772 to
simulate water and DMSO which were used in the
experimental determination of RIS. The excitation source
was a plane wave with the wavelength range of 300—1000 nm,
which propagated through a surrounding medium with a RI
varied between 1.3334 and 1.4772. Mesh values were set to (1
nm)” to calculate the scattering. The propagation direction was
along the C, axis of the octopod.

Characterization Methods. Scanning electron micros-
copy (SEM) images were collected on an FEI Quanta 600F
environmental SEM and a Zeiss Auriga focused-ion beam
(FIB) in the SEM mode, both at a beam energy of 30 kV with
a spot size of 3 ym. Transmission electron microscopy (TEM)
images were collected on a JEOL 3200FS TEM operating at
300 kV with a spot size of 1. Energy-dispersive X-ray
spectroscopy (EDS) was collected using an Oxford Inca
dispersive X-ray system interfaced to the JEOL 3200FS TEM
operating at 300 kV in the scanning TEM (STEM) mode for
single particle elemental analysis. For SEM—EDS, the Oxford
Inca dispersive X-ray system was interfaced to the Zeiss Auriga

FIB in the SEM mode for bulk elemental analysis of micron-
sized regions containing many NPs. UV—visible spectroscopy
for LSPR measurements was conducted on a Varian Cary 100
Bio UV—visible spectrometer with a scan rate of 600 nm/min
over the wavelength range of 200—900 nm. Dynamic light
scattering (DLS) of a prepared solution was collected using the
Malvern Zetasizer Nano ZS instrument at 25 °C. Measure-
ments were carried out in triplicate to verify results. SEM
samples were prepared by drop-casting a colloidal suspension
(approx. 2 uL solution) on a Si wafer followed by washing with
methanol after initial solvent evaporation. TEM samples were
prepared by drop-casting about 2 yL of colloidal particles onto
a chloroform-washed carbon-coated copper grid (to remove
formvar) and then washing samples with acetone after initial
solvent evaporation. Particle measurements were conducted
using Image] software and taking the mean size of 150
particles.

B RESULTS AND DISCUSSION

Spatially Selective Deposition. Au octopods were
synthesized and used as seeds upon which Pd deposition
occurred. Either Pd-tipped Au octopods or core@shell Au@Pd
octopods were synthesized depending on the specific
deposition conditions. Selective deposition of Pd was achieved
by reducing H,PdCl, with L-AA in the presence of the
octopodal Au seeds of different sizes (Figure S2; tip-to-tip
distances of 164.9 + 5.6, 125.5 + 4.3, 100.6 + 2.4, 85.9 + 2.8,
65.5 + 2.5 nm etc.) in either CTAB or a mixture of CTAC and
trisodium citrate.
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Figure 2. (A—D) Representative SEM images of Au@Pd octopods with different Pd loadings determined through SEM—EDS with increasing
atomic percent Pd loading denoted in A—D. (E) STEM and (F—H) STEM—EDS elemental mapping of sample C with Au shown in yellow (F), Pd
shown in red (G), and the overlay of the two (H). (L]J) Plots of line scan analysis following the arrows from left to right with the blue arrow (I) and

the magenta arrow (J) in E indicating core@shell architecture.

When the Pd precursor was reduced in the presence of
CTAC and trisodium citrate, islands were noted on the branch
tips of the octopodal Au seeds. Holding the size of the
octopodal Au seeds constant (100.6 + 2.4 nm), the number of
islands increased with increasing Pd precursor concentration
(Figure 1A—D), which was concomitant with an increase in
the Pd content from 6.1 to 21.4 at. % Pd, as determined by
SEM—EDS. Characterization of a Pd-tipped Au octopod of
intermediate Pd loading (14.0 at. % Pd; Figure 1C) with
STEM—EDS further supports that the island features are Pd
(Figure 1E—H). Elemental mapping data shows Pd localization
toward the branch tips of the octopods. Line scan analysis for
the concave regions of a particle (cyan arrow) shows a low Pd
signal between the branches (Figure 1I). However, line scan
analysis from tip-to-tip (magenta arrow) shows an increase in
the Pd signal beyond where the Au signal is confined (Figure
1J). These data support the Pd-tipped Au octopod
architecture.

In contrast, the use of CTAB produced core@shell Au@Pd
octopods. This architecture is supported by the smooth
nanocrystal surfaces (Figure 2A—D), with Pd loadings
increasing from 6.3 to 19.8 at. % Pd with increasing Pd
precursor concentrations, as determined by SEM—EDS.
STEM—EDS elemental mapping of the sample with 13.9 at.
% Pd (Figure 2C) shows a more even distribution of Pd than
that in the CTAC/citrate system (Figure 2E—H), where the

Pd signal is evenly distributed across the exterior of the surface
as evident in the overlaid image (Figure 2H). Line scan
analysis for the concave regions of a particle (cyan arrow)
shows that the Pd signal extends past where the Au signal is
observed, supporting that Pd is on the surface in between the
branches (Figure 2I). Likewise, line scan analysis from tip-to-
tip (magenta arrow) shows that the Pd signal again extends
past the Au signal (Figure 2J), supporting the core@shell
architecture.

The difference in architectures between the CTAC/citrate
system (Figure 1) and the CTAB system (Figure 2) becomes
clear when considering how these different reaction conditions
influence the rate of deposition (Vdep) and the rate of diffusion
(V) of Pd adatoms. The difference in reaction conditions
leads to different Pd precursor species. In the CTAB case,
ligand exchange occurs where the chloride in the Pd complex is
replaced by the softer bromide ions, likely leading to a PdBr,*”
precursor in solution.'”?° In the CTAC/citrate case, the Pd
complex remains as PdCl,>". The difference in Pd precursor
coordination leads to the bromide complex in the CTAB
system having a more negative reduction potential, and thus a
slower Vg, than the chloride complex counterpart in the
CTAC/citrate system.”>”' The slower Vgep in the CTAB
system allows for more facile diffusion to occur, yielding Au@
Pd octopods. The faster reduction of the chloride complex
leads to the CTAC/citrate system having a fast V,, compared
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to Vyg leading to heterogeneous nucleation at the higher
energy sites of the branch tips. The island-like features in the
CTAC/citrate system are due to the high-energy barrier for Pd
diffusion on Au in addition to the fast Vdep.8 In addition, citrate
is crucial for Pd-tipped Au octopod formation without
simultaneous homogeneous nucleation of discrete Pd NPs, as
seen in Figure S3. We hypothesize that CTAC and citrate
compete for binding sites at the octopod surface, likely
disrupting the CTAC bilayer and improving adatom access to
the surface. In the absence of citrate, the intact CTAC bilayer
may passivate too much of the surface while still favoring fast
precursor reduction, resulting in homogeneous nucleation.
Both the Pd-tipped Au octopods and Au@Pd octopods can
be synthesized from octopodal Au seeds of different sizes
(Figure S2). When the Au—Pd ratio of seed to precursor is
held constant at approximately 4:1 (20 at. % Pd), Pd-tipped Au
octopods form at each size of the octopodal seed in the case of
the CTAC/citrate system (Figure 3A—D), where the Pd

= Increasing Seed Size =——>

CTAC/citrate

CTAB

Figure 3. SEM images of Au—Pd heterostructures grown from a
variety of seed sizes showing a consistency of the growth mode in the
(A-D) CTAC/citrate and (E—H) CTAB systems. For each system,
the inset numbers correspond to the atomic percent Pd loading
confirmed through SEM—EDS. Scale bars indicate 50 nm throughout.

islands remain at and around the branch tip with
approximately 20 at. % Pd loading. Similarly, Au@Pd octopods
are produced in the CTAB system for each seed size examined
(Figure 3E—H), again with approximately 20 at. % Pd loading.
This generalizability is important due to the size- and
composition-dependent optoelectronic properties displayed
by plasmonic NPs, leading to a wide range of accessible
wavelengths that will be discussed later.">”' ">

Optical Properties. The low spectral dispersion of Pd has
shown the material to be promising for plasmonic sensing
applications; however, the Pd is often coupled with Au on
account of Pd having a large imaginary component of the
dielectric function, leading to a broad LSPR.'' Despite the

examples that highlight the benefits of Au—Pd nanostructures,
the importance of Pd location within a given nanostructure has
not been systematically evaluated in the context of LSPR
sensors. As such, the optical properties of the octopodal Au
seeds were compared to those of Pd-tipped Au octopods and
Au@Pd octopods. Specifically, the Au octopods, Pd-tipped Au
octopods, and Au@Pd octopods were stabilized with Na—
PSSA to ensure colloidal stability (see Figure S4 for DLS of the
~20 at. % Pd-tipped Au octopods in water and DMSO). The
LSPRs for Au octopods (tip-to-tip: 100.6 + 2.4 nm) dispersed
in water (RI = 1.3334) were compared to Pd-tipped Au
octopods with approximately 10 and 20 at. % Pd loading and
Au@Pd octopods with approximately 10 and 20 at. % Pd
loading (Figures S5 and S6; all prepared from octopodal Au
seeds with tip-to-tip: 100.6 = 2.4 nm). As summarized in
Table 1, addition of Pd leads to a red shift in LSPR maximum
relative to the all-Au octopodal seeds, with the Pd-tipped Au
octopods having a greater red shift than the Au@Pd octopods.
Considering the Pd-tipped Au octopods, the NPs with ~20 at.
% Pd loading had a further red-shifted LSPR compared to
those with ~10 at. % Pd loading; this increase in Pd loading is
coupled with broadening of the plasmon band. Considering
the Au@Pd octopods, a slight blue shift of 3 nm in the LSPR
maximum is observed with increasing Pd loading from 8.6 at.
% Pd to 19.4 at. % Pd on to Au octopods, and broadening of
the plasmon band is also observed. Such broadening with Pd
addition is consistent with the large imaginary component of
the Pd dielectric function compared to Au.

The RIS was determined for the same Na—PSSA-stabilized
NPs built from Au octopods with tip-to-tip distance of 100.6 +
2.4 nm by obtaining their UV—visible spectra when dispersed
in various water/DMSO solutions and plotting the LSPR
maximum shift as a function of the solution RI for each NP
type. The results are summarized in Table 1. The Au octopods
produced a moderate RIS of 275 nm/RIU with a narrow LSPR
with a FWHM of 132 nm (Figure 4A, full spectra Figure S7).
Notably, the Pd-tipped Au octopods with 20.6 at. % Pd loading
gave not only the highest RIS of 409 nm/RIU, the most red-
shifted LSPR of up to an 84 nm shift, but also the broadest
LSPR with a FWHM of 240 nm (Figure 4B, full spectra Figure
S§7). On the other hand, Au@Pd octopods had the lowest RIS
ranging from 235 to 244 nm/RIU, a slight red shift of 9—12
nm, and a broader LSPR than the Au octopods ranging from
176 to 204 nm FWHM (Figure 4C). Considering RIS as the
primary metric, the Pd-tipped Au octopods with 20.6 at. % Pd
loading provided the greatest RIS (Figure 4C), highlighting the
importance of Pd localization at the branch tips. However,
linewidth is an important metric in LSPR sensing, particularly

Table 1. Structure, Composition, and Optical Properties of Samples Highlighted in Figure 4“

seed size (nm) growth mode Pd loading (at. %) RIS (nm/RIU) FWHM (nm) FOM (RIU™Y) Ao (nm) figure location
100.6 Au 0 275 132 2.08 610 SSA
100.6 Pd-tip 20.6 (1.3) 409 240 1.71 694 SSC
100.6 Pd-tip 116 (0.3) 280 198 141 660 $SB
100.6 Au@Pd 194 (1.7) 244 204 1.20 619 SSE
100.6 Au@Pd 8.6 (0.5) 235 176 1.34 622 SSD

NP size (nm) growth mode source RIS (nm/RIU) FWHM (nm) FOM (RIU™) Ao (nm) reference location
95 alloy ref 9 271 391 0.69 674 1C
105 alloy ref 9 351 292 1.20 658 1D
118 alloy ref 9 392 263 1.49 707 1E

“Numbers in parentheses represent 1 standard deviation. These structures were made using a similar protocol, as found in Figures 1 and 2.
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Figure 4. (A) Plot of the LSPR of the 100.6 nm all-Au octopods suspended in various mixtures of water and DMSO and (B) plot of the LSPR of
20.6 at. % Pd Pd-tipped Au octopods built from 100.6 nm seeds in various mixtures of water and DMSO. In both (A,B), the calculated RI of the
mixtures, from left to right, are 1.3382, 1.3634, 1.3890, 1.4151, 1.4417, and 1.4688. (C) Plot of LSPR shift vs RI for the (black trace) all-Au, (red
trace) 20.6% Pd-tipped Au octopods, (blue trace) 11.6% Pd-tipped Au octopods, (green trace) 19.4% Au@Pd octopods, and (magenta trace) 8.6%

Au@Pd octopods. At. % Pd confirmed through SEM—EDS.

when considering multiplexjng.3 To account for linewidth, a
FOM is used which divides the RIS by the LSPR FWHM. The
all-Au octopods have the highest FOM (2.08 RIU™"), but the
Pd-tipped Au octopods with 20.6 at. % Pd loading had the
second highest FOM (1.71 RIU™"). Considering that the Au@
Pd octopods with similar Pd loading have the lowest FOM
(1.20 RIU™'), this comparison reveals that Pd location can
have a significant impact on the FOM by maximizing RIS while
minimizing the effect of broadening. The LSPR plots for
individual samples, as described in Table 1, in different RI can
be found in Figure S8.

The effect of Pd distribution on RIS was further probed by
comparing the octopodal Au seeds with tip-to-tip dimensions
of 655 + 2.5 and 859 + 2.8 nm, respectively, to their
corresponding Au—Pd heterostructures, with their structural
and compositional features as well as optical properties
summarized in Table S3. The plots for individual samples
described in Table S3 can be found in Figures S9 and S10. As
expected, the larger Au octopods had a further red shifted
LSPR maximum (610 nm for tip-to-tip: 100.6 + 2.4 nm vs 561
and 585 nm for 65.5 & 2.5 and 85.9 + 2.8 nm, respectively; all
dispersed in water: RI = 1.3334), consistent with the size
dependence of the LSPR.'* The LSPR maxima of the Pd-
tipped Au octopods were red shifted relative to their seeds,
regardless of Pd loading. In contrast, the LSPR maxima of the
Au@Pd octopods were within a few nm of the LSPR maxima
of their seeds. Interpretation of these findings is aided by
simulations presented later. Again, the Pd-tipped Au octopods
with the largest loading (20.9% Pd) had the largest RIS (273
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nm/RIU). This finding further supports the importance of Pd
location in achieving high RIS.

The importance of Pd localization is also evident when
comparing these structures to AuPd octopods of similar size
and symmetry but where the Pd is alloyed with Au rather than
creating a nanoscale heterostructure. Summarized in Table 1
are the previously reported optical properties of AuPd alloy
octopods of similar dimensions and initial LSPR position.’
Although the exact Pd loading for these structures was not
reported, subsequent experiments using similar precursor ratios
yielded structures with S—15 at. % Pd.”” These structures were
chosen due to the dependence of RIS on the initial LSPR
position.”* Their RIS span 271 to 392 nm/RIU. For
comparison, the Pd-tipped Au octopods with 20% Pd loading
grown from 100.6 nm seeds have a RIS of 409 nm/RIU and a
FOM of 1.71 RIU™!, both of which are greater than the alloy
AuPd octopods.

FDTD Simulations. To corroborate the experimental data
and gain greater depth of understanding, FDTD simulations of
octopodal models with different bimetallic distributions were
conducted in which the far-field scattering behaviors of these
structures were investigated in backgrounds of different Rls.
The models included Au octopods, Pd-tipped Au octopods,
and Au@Pd octopods with the background RI varied between
1.3334 and 1.4772 to simulate the experimental surroundings.
The structural and compositional features of the models and
the resulting optical properties are summarized in Table S4
and Figure S11. Figure SA shows selectively this information
for Au octopods with a tip-to-tip dimension of 100 nm (similar
to NPs shown in Figure S2C) and those with approximately 20
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Figure S. (A) Summary of the structural, compositional, and optical properties of the different models used for FDTD numerical simulations. (B)
Models used for FDTD simulations viewed down the C, axis with the (black box) all-Au, (red box) Pd-tipped Au, and (blue box) Au@Pd octopods
shown with the (C) corresponding plot of the far-field scattering of the models. (D) Plot of LSPR shift vs RI of the models with (black trace) Au,

(red trace) Pd-tipped Au, and (blue trace) Au@Pd octopods presen

t.

at. % Pd loaded at their tips or as a core@shell architecture
(models shown in Figure SB and similar to NPs shown in
Figures 1D and 2D, respectively). The simulated spectra and
RIS are presented in Figure SC,D, respectively.

The Au octopod has a simulated RIS of 282 nm/RIU with
an initial (RI of media = 1.3334) LSPR at 626 nm (Figure $),
which matches well with the experimental results of 275 nm/
RIU and initial (water environment) LSPR at 610 nm (Figure
4). A slight red shift of the simulated LSPR may be from
sharper edges in the model compared to the real NPs.*® The
narrower LSPR band in the simulation can be attributed to the
idealized model, which does not suffer from ensemble
broadening arising from size and structural heterogeneity in
the experimental sample (Figure S12)."**° The good agree-
ment between experiment and simulation establishes the Au
octopod model as a reasonable platform to build the different
Au—Pd heterostructures from.

The simulated spectrum of the Pd-tipped Au octopod in RI
= 1.3334 is shown in Figure SC and is red-shifted by 30 nm
and broadened, with a FWHM increase of 52 nm, compared to
the Au octopod model. A boost in RIS by 40 nm/RIU
compared to the Au octopod model is achieved (Figure SD).
These observations are consistent with the experimental
results, but the magnitude of the red shift and boost in RIS
are less than the experimental system as the model gave a RIS
of 322 nm/RIU and an initial LSPR maximum at 656 nm,
whereas the RIS of the experimental system was 409 nm/RIU
with an LSPR maximum at 694 nm. These differences,
however, could be attributed to the sharpness of the features
present in the model. It is well-documented that sharp features
in branched plasmonic NPs lead to a red shift in the LSPR
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maximum.®”>*” The model simplified the island-like features
to S nm diameter domes; however, the reality of the system is
that the Pd islands are not domes, but ellipsoid-like structures
with varying sizes that are randomly distributed around the
branch tips (Figure S13). The change of shape of the islands
between the experiment and the model, in addition to the
greater uniformity present in the model, likely leads to a blue
shifted and narrower LSPR compared to the experimental
system. This blue shifted LSPR is likely the reason for the
lower RIS of the model than that in the experimental system
because the more red shifted the LSPR maximum is, typically,
the higher the RIS.** Similar to the experimental system,
increasing the Pd loading at the branch tips red shifts and
broadens the modeled LSPR compared to the Au octopod
model (Figure S14). In addition, as the Pd loading increased,
so did the RIS, where the Pd-tipped Au octopod with the
highest Pd loading simulated of 25.3% Pd loading had a RIS of
327 nm/RIU. The simultaneous increase in RIS and
broadening of the LSPR in the simulations corroborates the
trends observed through the experiment.

To simulate the Au@Pd octopods, a model consisting of an
octopodal Au core and non-uniform Pd shell was built to
capture the experimental observation of tip sharpening with Pd
deposition (Figure SISA). This model failed to capture the
experimental data precisely, likely due to unidentified
heterogeneities in the experimental Pd shell; however, the
trends present in the simulations provide useful insights.
Namely, the Au@Pd sample gave a RIS of 244 nm/RIU
experimentally, but the Au@Pd model with sharp branch tips
(Figure S1SA) gave a RIS of 333 nm/RIU. This drastic
difference between experiment and simulation indicates that
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some architectural feature from the experiment is unaccounted
for in the model. To gain insights, a model of the same Pd
loading but with a conformal Pd shell of uniform thickness was
examined (Figure S15B). The model produced a RIS of 316
nm/RIU, closer to the experiment but still much higher than
the experiment. Comparing the LSPR of the two core@shell
models (RI = 1.3334), the model with the conformal Pd shell
displayed a blue shifted LSPR maximum and narrower LSPR
(Figure S16). Still, both models gave a broadened LSPR
compared to the all-Au model. Additionally, the Au@Pd
octopod simulations demonstrate the lowest FOM values of
the models analyzed in this work. These simulations, despite
differences from the experiment, support that a core@shell
Au@Pd nanostructure does not provide the ideal Pd
distribution on account of greater broadening with less red-
shifting compared to the Pd-tipped system.

Taken together, the ideal Au—Pd octopods may be ones
with single sharp Pd domains epitaxially capping each Au tip.
This system would be advantageous with its localized Pd
domains providing the benefits of boosted RIS without the
broadening inherent in the Pd-tipped Au octopods stemming
from the distribution of Pd islands around the tip. However,
synthetic efforts have yet to achieve such selective metal
deposition.

B CONCLUSIONS

In summary, Au—Pd heterostructures were synthesized, and
their optoelectronic properties were examined to identify the
importance of Pd distribution on RIS. The localization of Pd
around LSPR hotspots of branched Au NPs, as in the Pd-
tipped Au octopod system, is critical in maximizing RIS. Larger
loadings boost the RIS further, with an RIS of over 400 nm/
RIU recorded. At the same time, the experimental findings
indicate that increased Pd broadens linewidths, which must be
balanced so as to not lower the FOM. FDTD simulations
support the experimental trends, and also put emphasis on the
overall sharpness of branch tips. Thus, in designing future
plasmonic nanocrystals with high RIS, this work demonstrates
the critical need to load material with low spectral dispersion
around the LSPR hotspots of the system. In doing so, systems
with boosted RIS and enhanced functionality can be achieved
without compromising linewidth, pushing the sensing
community beyond the Au standard.
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