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Bimetallic gold—palladium particles were originally proposed as catalysts with tunable reaction rates.
Following the development of synthesis routes that offer better control on the morphology and compo-
sition of the particles, novel optical sensing functionalities were more recently proposed. Since tempera-
ture is a fundamental parameter that interplays with every other proposed application, we studied the
light-to-heat conversion ability of Au/Pd bimetallic nanoparticles with a regular octapodal shape. Both
compositional (Au-to-Pd ratio) and structural (diagonal tip-to-tip distance and tip width) characteristics
were screened and found to be essential control parameters to promote light absorption and efficient
conversion into heat. Electromagnetic simulations reveal that the Pd content, and specifically its distri-
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bution inside the branched particle geometry, has a profound impact on the optical properties and is an
essential criterion for efficient heating. Notably, the optical and photothermal responses are shown to
remain stable throughout extended illumination, with no noticeable structural changes to the branched
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Introduction

The microscopic characteristics of a material, such as lattice
parameters or the presence of defects, are fundamentally con-
nected to its physicochemical properties. In the case of palla-
dium, when a thin layer is epitaxially grown on top of a
different metal, the spacing of its first-neighbour atoms is
modified, triggering changes in the position and overlap of
the materials’ d-orbitals and, thus, the electronic properties of
the surface. Given that palladium is often used as a catalyst,
this ability to change the electronic structure of surfaces opens
up a path to create materials with tuned reaction rates, using
either macroscale’ or nanoscale structures.””® Nanocatalysts
have gained particular attention as they open the possibility of
triggering reactions in remote locations. This is the case,
for instance, for tumour tissues, where they can be used to
initiate pathological effects. Indeed, a range of techniques
based on localized catalysis have been proposed as possible
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nanocrystals due to heat generation.

intratumoral therapies, including chemodynamic therapy, gas
therapy or tumour-starving therapy, to cite some.®

The interest on the synthesis of colloidal bimetallic struc-
tures is further supported by the added functionalities that
nanometre sizes bring. Specifically, gold-rich nanocrystals may
also present plasmonic resonances that can be exploited for
optical applications, such as sensors based on refractive index
modifications or on surface-enhanced Raman spectroscopy.”®
Just as the catalytic activity of the colloids depends on their
size and shape (i.e., facet expression), the plasmonic properties
of colloids are also linked to these parameters. In fact, their
resonance wavelengths are closely linked to such structural
parameters and can be tuned within the visible and the near-
infrared range.” Also, the character of the plasmonic mode,
ie., to what extent it is due to scattering or absorption,
depends on particle geometry and composition, and so do the
possible functionalities of the resulting material. Particularly,
while elastic scattering (Sca) can affect the density of phonon
or photon states of surrounding molecules, eventually leading
to the enhancement of their luminescent or Raman
signals,’”"" absorption (Abs) is linked to the particles heating
characteristics.">™'* As a consequence, synthetic routes that
allow tuning the size and shape of bimetallic structures, LSPR
position, and Abs/Sca ratio, gain relevance.'®

Theoretical studies have demonstrated that in a nano-
particle only the fraction of material close to the surface
efficiently contributes to heating, whereas the inner fraction
hardly does. Accordingly, the most advantageous geometries
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for heating are those with flat features, small size or long and
sharp structures. Besides, smaller structures also present
weaker scattering.'® In the case of gold nanoparticles, branched
geometries have been particularly exploited for sensing and
photothermal applications, given the fact that their many thin
branches are optimal both for electromagnetic field enhance-
ment, often applied to SERS,"” and light-to-heat conversion.'®
However, stellated structures often suffer from reshaping, ie.,
migration of weakly bonded atoms from the tips of the branches
(high convex curvature) to the branches base (concave curva-
ture). Accordingly, the geometry of the particles evolves to
higher sphericity, and thus to lower Gibbs energy."® Such a
reshaping can be critical for applications based on plasmonic
properties, as not only the strength of the plasmon mode, but
also the main resonance wavelength will be affected.>*>"

Related geometries have also been studied in the case of
branched gold-palladium structures, showing lower SERS
enhancement ratios than pure gold, but substantially
increased thermal stability.”* Indeed, reshaping of branched
gold-palladium particles with O, symmetry, also known as
octopods, is only observed above ~450 °C in vacuum, while
analogous all-gold octopods start reshaping already at 200 °C
under the same environment. Reshaping, though, depends on
the environment, as the thermal threshold shifts to lower
temperatures in air.>> As a consequence, Au/Pd nanoparticles
may become interesting candidates for applications that
require performing in harsh atmospheres, at high tempera-
tures, or during long times. Specifically, the modification of
local temperature is key in photocatalytic applications, as
temperature is intimately linked to the rate of chemical
reactions.

Motivated by these findings, and under the idea that nano-
materials with catalytic and heating properties may lead to
local control of chemical reactions,* we investigate the light-
to-heat conversion abilities of stellated gold-palladium struc-
tures dispersed in aqueous media. Although a variety of struc-
tures could have been selected for this study, the thermal
stability, high symmetry, and single-crystallinity (i.e., without
grain boundaries or planar defects that serve as sites for
phonon scattering) of these particles render them good candi-
dates for a study that combines experiment and simulation,
allowing a clear correlation of observations. Accordingly, we
aim at understanding the effects of shape and composition
(Pd content and its distribution) on the heat generation of the
prepared nanoparticles, so nanoscale control of optical
heating can be achieved. Our results find the nanocrystals to
be stable photothermal heaters, with heating efficiencies
between ~40% and ~60%, this value being largely related to
their size and palladium content.

Experimental
Materials and synthetic approach

Chemicals. Gold(m) chloride trihydrate (HAuCl,-3H,O,
>99.9%), L-ascorbic acid (-AA, BioUltra, >99.0%), hexadecyltri-
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methylammonium bromide (CTAB, BioUltra, >99.0), sodium
citrate tribasic dihydrate (NasCitrate-2H,O, BioUltra, >99.5%),
cetyltrimethylammonium chloride solution (CTAC, 25 wt%),
sodium bromide (NaBr, BioUltra, >99.5%), and palladium(u)
chloride (PdCl,, >99.9%) were purchased from Sigma Aldrich.
Acetone (ACS grade), methanol (ACS grade), and isopropanol
(ACS grade) were purchased from Macron. All chemicals were
used as received without further purification. All vials were
rinsed with ethanol and dried with air prior to use. Milli-Q
nanopure water (18.2 MQ c¢cm) was used in all experiments.

Synthesis overview. The branched Au/Pd nanostructures
were synthesized by seed-mediated co-reduction from octa-
hedral Au seeds.

Synthesis of octahedral Au seeds. Au octahedra were syn-
thesized by a previously reported hydrothermal method in a
30 mL vial.** A growth solution of 0.250 mL of 10 mM
HAuCl,;-3H,0, 1.5 mL of 100 mM CTAB, and 0.050 mL of
100 mM NajCitrate was diluted with 8.2 mL of water. Solutions
were inverted to mix and then allowed to mature in an oil bath
at 110 °C for 24 h. Au octahedra were collected by centrifu-
gation (10 000 rpm/12 000g) for 15 min, removed from super-
natant and diluted to a volume of 3 mL with water for sub-
sequent use.

Synthesis of branched Au/Pd nanocrystals. Seed-mediated
co-reduction was performed as previously described with
modifications.>® A growth solution containing 21.3 mL of H,O,
2.0 mL of 200 mM CTAB (or alternatively 2.0 mL of 200 mM
CTAC and 2.5 mL of 50 mM NaBr, adjusted with water to main-
tain a constant volume between syntheses), a volume of
100 mM HAuCl,-3H,0, and a volume of 10 mM H,PdCl, was
added to a 30 mL reaction vial. The solutions were gently
inverted to mix and 1.5 mL of freshly prepared 100 mM r-AA
was added. To this solution, a volume of Au octahedra dis-
persion was added. After the addition of the Au seeds, the reac-
tion vial was inverted twice and placed in an oil bath at 25 °C
for 12 h. The stellated Au/Pd nanostructures were collected by
centrifugation (10 000 rpm/12 000g) for 15 min, removed from
supernatant and dispersed in 1 mL of water. A summary of
specific reagent volumes per sample is provided in Table S1f
and correspond with those in Table 1.

Structural and optical characterization

Samples for scanning electron microscopy (SEM) were pre-
pared by drop-casting a dispersed particle solution onto a Si
wafer. After the solvent evaporated, the Si wafers were rinsed at
an angle in a stream of methanol several times to remove
excess surfactant. Images were obtained with a FEI Quanta
FEG 600 field-emission environmental SEM operating at 30 kV
with a spot size of 3 nm. The SEM was interfaced to an Oxford
Inca detector for energy-dispersive X-ray spectroscopy (EDS);
3-5 full-coverage regions (>1 pm?) were analysed per sample.
Samples for analysis by scanning transmission electron
microscopy (STEM) were prepared by washing a carbon-coated
copper grid with chloroform to remove Formvar and then
drop-casting a dilute nanoparticle dispersion onto the grid.
STEM images were obtained with a JEOL JEM 3200FS trans-
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Table 1 Octopod morphology and composition: characteristic structural parameters measured by SEM (Fig. 1f; note that the sample labels match
the lettering of the subfigures), elementary composition determined by EDX analysis, experimental optical properties, and heating efficiencies

Volume LSPR max. Abs/Ext at
Sample X (nm) Y (nm) Q (nm) (x10° nm?) Pd (%) (nm) 808 nm 1 (%)
A 144 =11 26+5 62+ 6 11+£3 9.0 £ 0.6 820 0.52 £ 0.03 38+2
B 132 +£10 9+3 52+5 6+2 13.3+£04 950 0.67 = 0.04 60 +2
C 144+ 8 12+5 67 +8 12+3 8.7+ 0.5 790 — 39+1
D 132+7 10+3 55+5 7+2 8.3+0.7 808 0.61 + 0.03 44 +1
E 128 £ 8 28+5 51+6 7+2 12.8 £ 0.5 860 0.63 = 0.02 48 +2

mission electron microscope at 300 kV, equipped with a
camera Gatan 4kx4k Ultrascan 4000. EDX spectra were
measured with an Oxford INCA dispersive X-ray system inter-
faced to the microscope, operating at 300 kV. Extinction
spectra were acquired with a photodiode-array spectrophoto-
meter Agilent 8453 UV-Visible (Agilent Technologies
Deutschland GmbH). The absorption and scattering transmit-
tance spectra were determined using a home-made diffuse
reflectance setup, see ESI for details (section ESI.2, Fig. S47).

Heating efficiency

Heating efficiency was determined following the technique
described by Roper et al.,*® based on optical and transient
temperature measurements. In our experiments, 1 mL of octo-
pods dispersion was evenly illuminated with a laser (fiber-
coupled laser diode, Lumics LU0808T040) at 808 nm. The
laser beam was collimated and expanded with lenses to form a
spot that covers the whole sample (1 cm in diameter). In every
case, the laser power illuminating the sample was 750 mW.
Heating and cooling curves were then recorded with a thermal
camera (FLIR A35) that monitors the surface of the solution
from above. Thermal curves were recorded for several (between
three and five) sample concentrations, varying the optical
density at the laser wavelength. As heating efficiency remains
constant regardless of the concentration (for low enough con-
centrations), the final value is an average of the different
measurements. A sample containing only water was measured
to provide a background that excludes any heating contri-
butions related to the medium. Further details regarding the
measuring protocol and data analysis can be found in the ESI
(section ESL.37).

Electromagnetic simulations

Numerical simulations were performed using the commercial
software FDTD Solutions (v.8.20.1731) from Lumerical
Solutions, Inc. The dielectric functions were fitted to tabulated
experimental data by Johnson and Christy for Au and by Palik
for Pd (RMS errors <0.9).>”>® The effective dielectric functions
of Au/Pd alloys were approximated by an effective medium
based on a Maxwell-Garnett homogenization (EMA, 5-20% Pd,
section ESIL.5%). The background index was set to 1.33 to
mimic water. Total-field scattered-field (TFSF) plane-wave
sources, ranging from 400 to 1200 nm, were used to separate
the computation region into two distinct regions - one con-
taining the total field (i.e., the sum of the incident field and

This journal is © The Royal Society of Chemistry 2019

the scattered field), and another that contains only the scat-
tered field. Mesh values were set to 2 nm for the empty space
and 1 nm for the particle space. All simulations reached a con-
vergence of 10~ before reaching 300 fs simulation time.

Results and discussion
Structural and optical characterization

Au/Pd nanocrystals studied here were prepared by seed-
mediated co-reduction of Au and Pd salts in the presence of
octahedral Au seeds. This process produces stellated structures
with eight tips symmetrically distributed (O, symmetry) and
proceeding along (111) directions, as shown in the SEM
images and the scheme of Fig. 1. The excellent size homo-
geneity of the particles leads to the ordered packing that can
be seen in the images. On account of the synthetic method,
the final octopods consist of an inner octahedral gold core
from the seed and a branched outer layer of Au/Pd alloy that is
enriched with Pd at the tips."” In previous works, this alloy
composition has been confirmed by powder XRD as well as
electron diffraction patterns,”® Fourier transforms of atomic
resolution lattice images, and atomic spacing measurements
of the branches.” Also, STEM-EDS elemental maps and line-
scans revealed that the tips and edges are enriched with Pd
compared to the alloyed branches and Au interior from the
seeds, which has been confirmed here (Fig. $17).”*°

The dimensions of the octopods (tip length and mor-
phology) and their composition (Pd content) can be tuned
during the synthesis process.>'® For instance, the Au-to-Pd
ratio can be tuned by the ratio of metal precursors in the over-
growth step. Also, the face diagonal size or tip-to-tip distance
(X in Fig. 1f) of the particles can be controlled in a range
between approx. 60 and 200 nm by changing the precursor-to-
seed ratio. However, high ratios (larger amounts of precursors
per volume of seeds) lead to dull and flattened tips (Y in
Fig. 1f). Accordingly, to fine-tune the sharpness of the tips Y,
the CTAB used in the overgrowth step can be replaced with a
mixture of CTAC and NaBr of varying amounts."?

Following these principles, octopods with defined struc-
tural features (parameters X and Y) can be prepared. In this
work, to study the effect of the geometry of the particles on
their light-to-heat conversion, we prepared a set of five
samples with different characteristics (see Fig. 1 and Table 1).
Particularly, we prepared samples with two tip-to-tip lengths

Nanoscale, 2019, 11, 1956119570 | 19563
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Fig. 1 Octopod morphologies: (a—e) SEM images of Au/Pd nanocrystals
(samples A—E, labelled in order) of different dimensions and Au/Pd com-
positions (see Table 1). Scale bars in insets: 100 nm. (f) Schematic depic-
tion of an octopod with indicated main structural parameters: face diag-
onal tip-to-tip length X, tip width Y, and branch base width Q.

(~130 or ~144 nm) and two tip widths (~10 or =27 nm).
A complete description of the tip morphology should also
include the width of their base Q, which is roughly the same
(58 + 7 nm) within the set of samples investigated. In
addition, to understand the effect of the presence of Pd, we
prepared samples with two different Pd contents (x8.7% and
~13%). For details, see Table 1. For further clarity, visual
representations are provided in Fig. S2.t

Octopods can feature a variety of intense plasmon modes,
depending on their morphology and composition, as shown in
previous works.® Accordingly, the main dipolar-like LSPR at
low energy can be tuned throughout the visible and near-infra-
red ranges by varying these parameters. We chose to perform
light-to-heat conversion experiments at a fixed wavelength of
808 nm, which falls within the near-infrared transparency
region of water and minimizes heat transfer to the solvent.
Besides, as it matches also a transparency window of
haemoglobin,*** it is a technologically relevant wavelength
for optical sensors that can be used in aqueous environments,
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Fig. 2 Optical properties of octopods dispersed in water. Normalized
UV/Vis/NIR extinction spectra showing intense plasmon bands close to
the excitation wavelength (808 nm, grey dashed line).

as well as for biomedical applications including in vivo or
in vitro catalysis,**** and photodynamic therapy.*®> Since the
study requires octopods with the plasmon mode close to
808 nm, the range in which size and composition parameters
can be varied is limited. To clarify this aspect, a discussion on
the impact of the structural parameters X, ¥, and Q on the
LSPR position and intensity performed through FDTD simu-
lations can be found in the ESI (section ESL.67).

Fig. 2 shows the extinction spectra of the five samples
under study, which were synthesized to overlap with the illumi-
nation wavelength as well as possible. The aim to unravel the
relationship between composition, geometry and heating
efficiency of the nanoparticles imposes restrictions on the
number of variables that can be changed between samples. As
a result, some particles (in particular sample B) present a
certain mismatch between LSPR and laser wavelength. In the
following sections we will consider this mismatch as an
additional parameter for discussion.

At the plasmon resonance wavelength, the interaction of
the particles with light is strong, and it can occur through
either light scattering or light absorption. As mentioned
above, the ability to transform light into heat is directly linked
to light absorption. To what extent light is scattered or
absorbed by the particles, largely depends on their size,
geometry and composition.'®*® For this reason, different
heating capabilities can be expected depending on the struc-
tural characteristics of the octopods. How these para-
meters influence heat generation in bimetallic structures,
including Pd content and its distribution, is an open question,
though.

Thermal stability and heating efficiency

As previously mentioned, Au/Pd particles present a high
thermal stability, though the threshold temperature at which
reshaping becomes evident depends on the environment.>” In
this work, octopods were dispersed in aqueous solution and
thus temperature was limited by water evaporation. To test

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Plasmonic heating: (a) Stability over time of the temperature
generated by a 1 mL solution of octopods (Sample B) illuminated at two
different light intensities, as indicated; (b) consecutive heating/cooling
cycles by switching on and off the illumination source (c) cooling curves
of four solutions with different concentrations of the same sample (OD
at 808 nm are given in the legend). AT is the thermal increment, T,
being room temperature. The lines represent single exponential fits,
from which a time constant, , is obtained.

their thermal stability under these conditions, we monitored
the temperature of a dispersion of octopods (1 mL, optical
density of 0.51 at the laser wavelength) evenly illuminated
at its whole surface with a laser of 808 nm wavelength.
Temperature was monitored from the upper surface of the
solution using a thermal camera. Examples of the heating
curves obtained are shown in Fig. 3a and b, where the illumi-
nation intensity was limited to avoid evaporation of the solvent
(condensation on the cuvette walls was already observed at
80 °C) and changes of sample concentration during the
experiments.

Fig. 3a presents representative heating curves of sample B
solution, illuminated at two different laser intensities. First,
the profile confirms generation of heat when illuminated at
808 nm. The medium temperature keeps rising within a time-
frame of about 10 min until thermal equilibrium is reached,
with heat dissipation to the environment compensating the
thermal energy provided by the particles upon illumination.
Consequently, the maximum temperature depends on both
the laser intensity and the environment, which does not
change during the experiments (grey trace). Illumination over

This journal is © The Royal Society of Chemistry 2019
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5 h was applied to test the stability of the particles and the
constancy of heat generation. The maximum temperature
remains stable over the whole illumination time, apart from
slight fluctuations due to the automatic electrical recalibration
of the thermal imaging camera every few minutes (in our case
~20 min), during the continuous sensor reading. This consist-
ency indicates that the particles are thermally stable under the
given conditions. As a further proof, extinction spectra of the
sample solutions were measured before and after the experi-
ments, to verify that the LSPR remained unaltered (Fig. S3ct).
Additionally, no structural changes are evident from SEM
characterization of the samples after heating (Fig. S3a and b¥).
Because the optical and structural properties did not show any
noticeable changes, we confirm that the particles display a
high thermal stability. The reproducibility of the heating (and
cooling) curves was also tested (Fig. 3b) over four consecutive
cycles, in which heating was triggered or stopped by switching
the laser on and off.

Having tested the stability of the particles under the
selected heating conditions, we studied the extent of light-to-
heat conversion for different particle morphologies and com-
positions. For this purpose, we used the heating efficiency as a
reference parameter, which enabled a fair comparison.
Heating efficiency is the percentage of light that is transformed
into heat, the maximum total energy being the total amount of
intercepted photons, i.e. combined scattering and absorption
contributions. Thus, assuming no additional ways to release
energy into the environment (e.g. luminescence or chemical
reactions), the heating efficiency is directly related to the ratio
between extinction (the total spectral losses) and absorption,
i.e. the losses that are transformed into heat. Based on
thermal equilibrium equations, Roper et al*® developed an
expression for the heating efficiency 5, which depends solely
on thermal and optical parameters:

AQ
P(1—1079P)

(1)

n=

where P is the illumination power, OD the optical density of
the sample at the illumination wavelength and AQ is the heat
power released by the nanoparticles after subtracting any poss-
ible contributions from the solvent. AQ can be experimentally
determined from the sample’s thermal evolution over time
after switching the illumination source on/off. In this work, it
was deduced by fitting the cooling part of the thermal cycles to
single exponential decays. As an example of the quality of the
fit, four cooling curves measured for sample E are shown in
Fig. 3c. AQ is deduced from the time constant, z, of the expo-
nential fit (for further details and plots of all the samples, see
ESI, Fig. S57).

The measured heating efficiency values are given in Table 1,
together with the standard deviations, obtained from measur-
ing several samples, as shown in Fig. 3c. The prepared par-
ticles feature heating efficiencies between 38% and 60%,
showing that variability exists, as a function of composition
and/or structure. To place these values in the context of cur-
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rently existing optical heaters, we can compare them with the
heating capacities of the best photothermal nanoparticles
reported so far, which lie between 40% and 100%. Gold nano-
stars, for instance, typically exhibit efficiencies between 40%
and 100% at 808 nm, depending on the morphology of their
branches and tips;*” gold nanorods can exhibit efficiencies
between 50% and 95% at their longitudinal LSPRs, depending
on their aspect ratio;>”*® and gold nanospheres can vary
between 65% and 80% at 532 nm, depending on their dia-
meter.”® Accordingly, the heating efficiency of the octopods
investigated here are within the range of the best photothermal
probes proposed, though in the lower range, which appears to
be a good starting point for bimetallic nanoparticles,
especially given their increased thermal stability compared to
gold-only structures. These results further indicate that for
most optical applications, the photothermal ability of the
nanoparticles should be considered as it may interfere with
their performance as sensors or photocatalysts.

Just as observed for all these groups of gold nanoparticles,
heat generation from bimetallic nanocrystals should be
affected by several aspects related to their geometry and com-
position. Aiming to shed light on the parameters having a
larger effect on heating efficiency, we plotted all the obtained
results in a 3D correlation plot (Fig. 4a), and seeking for
further details, heating efficiency was also plotted vs. tip-width
(Fig. 4b), tip-base (Fig. 4c) tip-to-tip length (Fig. 4d), nano-
particle volume (Fig. 4e) and Pd content (Fig. 4f).

The high heating efficiency of gold nanostars was attributed
to the presence of several thin and sharp tips.'>'® Based on
this observation, tip-width seems to be a logical starting point.
Fig. 4b shows two groups of particles: one with sharper tips of

~ 10 nm, and another with blunt tips of Y ~ 27 nm, ie.,
almost three times larger tip diameters. According to the
obtained results, both groups contain particles with low
heating efficiencies (38% and 39%, samples A and C, respect-
ively), as well as particles with high heating efficiencies (60%
and 48%, samples B and E, respectively). Considering the
variability obtained within both groups, it can be hardly said
that tip-width is strongly affecting heating efficiency. Of
course, this does not mean that its effect is negligible, but it
does not appear as the dominant aspect at this point.

Another parameter related to tip morphology is the tip
base, Q, i.e. the branch base width. Its variability within the
samples is smaller, but they could still be roughly grouped in
two sets: Q & 53 nm and Q =~ 64 nm. Plotting heating
efficiency vs. tip-base (Fig. 4c) suggests that smaller Q, ie.
thinner and slender branches (samples B, D, E) tend to
account for higher heating efficiencies. This observation
seems reasonable as heating is typically favoured by geome-
tries in which most material is close to the surface, as the bulk
contributes less.'® Also, the base width correlation shows high
similarity to the tip-to-tip length, X, at least within the pre-
pared particles. This suggests that the particles fall into the
same groups, with the smaller particles (X ~ 130 nm) offering
higher heating efficiencies above 40%, while the larger ones
(X =~ 144 nm) fall below 40% (Fig. 4d). This relationship is con-
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efficiency: (a) 3D correlation plot of Pd content, X, and Y, which is
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group of samples with larger X and higher Pd content. In the following
graphs (b—f), heating efficiency is plotted individually versus the
different parameters: (b) tip width, (c) branch base width, (d) tip-to-tip
length, (e) nanoparticle volume, and (f) Pd content.

sistent within the indicated groups of particles, even though
the tip-to-tip difference between both groups varies only by
about 10%. Moreover, this agrees well with the general expec-
tation that particles of larger sizes scatter more intensely, and
thus their heating efficiency ought to be lower. Such a depen-
dence becomes clearer if the heating efficiency is plotted
versus the nanoparticle volume, V, which depends on every geo-
metrical variable considered, X, Q, and Y, as given by eqn (53).*°
Hence, it provides a more complete description. The obtained

This journal is © The Royal Society of Chemistry 2019
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values (Table 1 and Fig. 4e) support that smaller particles have
a higher heating efficiency as they scatter less, in agreement
with Mie theory.*® Putting together all the different obser-
vations so far, we can conclude that smaller octopods heat
more due to their volume, but also due to thinner, slender
branches, both for sharp and dull tips.

Within the group of smaller particles and thinner tips, the
variability in heating efficiency is found to be larger, with
values ranging between 44% and up to 60% in a rather narrow
volume range. Consequently, we propose that a parameter
different to diagonal tip-to-tip distance or base-width
should affect heat generation. Fig. 4f displays the correlation
of heating efficiency versus Pd content, in which the clear sep-
aration of points shows that samples with a higher Pd content
(~13%) heat more efficiently ( > 45%) than those containing
less Pd (~8.7%, n < 45%). This analysis adds bimetallic compo-
sition to the list of parameters strongly affecting heating
efficiency.

We now compare two pairs of samples with equivalent size
and Pd content: A and C (X =~ 144 nm, ~8.7% Pd); and B and E
(X ~ 132 nm, ~13% Pd). While samples A and C only slightly
differ in heating efficiency (38% vs. 39%), the difference
between samples B and E is significant (60% vs. 48%). In both
cases, one of the samples has sharper tips than the other.
Particularly, sample B, the most efficient heater within this
study, belongs to the morphological group of particles with
sharp tips. Considering all these observations, we can now
sketch out an experimental hypothesis: within the ranges
studied here, both morphology and composition play leading
roles. In general, smaller nanoparticles with larger amounts of
Pd are favoured in terms of efficient heat generation, whereas
larger particles with lower Pd content release less heat (blue
cube in Fig. 4a). The sharpness of the tips may gain relevance
in the case of smaller nanocrystals, accounting for modifi-
cations of the photothermal efficiency of #10%.

The relationship between particle size and morphology is
consistent with observations made for gold nanoparticles, as
described above (small size and long sharp tips favour heating
efficiency).'® However, to understand the reasoning behind the
beneficial effect of Pd for the conversion of light into heat is
not intuitively clear. Aiming to clarify the physical basis of this
effect, and to test our hypothesis, we carried out electromag-
netic simulations and additional optical measurements.

Influence of Pd content and distribution on optical properties

To investigate the influence of palladium on heating capacity,
we performed FDTD numerical modelling in which the com-
position of the bimetallic nanocrystals was varied. For this
purpose, we first designed a simple model that builds on a
homogenous and uniform distribution of Pd throughout the
whole particle volume (Fig. 5a). The dielectric properties of
Au/Pd alloys were obtained using an effective-medium approxi-
mation (EMA) based on the Maxwell-Garnett theory for
volume fractions between 5% and 20% (see ESI, section ESL5,
Fig. S61). This approximation considers the specific dielectric
functions of the components to describe small inclusions of
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Pd (a) throughout the entire particle, (b) in the branches but not in the
core, and (c) only at the tips. (d—f) Corresponding extinction (black
dashed), scattering (red), and absorption (blue) cross-sections, calcu-
lated by FDTD. For increasing Pd content, the scattering contributions
decrease, whereas the absorbing contributions increase. Spectra are
offset for clarity. (g) Pd located at the tips has a stronger effect on the
absorption-to-extinction ratio, compared to octopods made of Au/Pd
alloy with (red line) and without Au core (grey dashed line).

Pd inside a host matrix of Au as an optically homogenous
(effective) medium. Compared to pure gold, Au/Pd alloys
exhibit higher (ordinary) refractive indices, and consequently
higher imaginary parts of permittivity. The influence of the
latter can be visualized by considering a simple forced
damped oscillator, where the real part describes the phase lag
between driving force and response frequency, and the imagin-
ary part embodies the damping factor and thus, the loss of
energy. Consequently, by increasing the Pd content, the
plasmon resonance (total extinction cross-section) becomes
attenuated and broadened, as exemplified by a model octopod
of X = 145 nm, Y = 10 nm, and Q = 50 nm (Fig. 5d, black
dashed line). Besides plasmon damping, the presence of Pd
also significantly reduces the scattering contributions. The
same effect has been reported for dark-field studies of Pd-
coated gold nanorods.*’ In contrast, the absorption cross-
section shows the opposite behaviour and increases with Pd
content, following an equivalent behaviour as the one reported
in Ag/Pt nanocubes.”

Next, we consider the presence of the octahedral gold core
to make the simulation model more realistic (Fig. 5b). By intro-
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ducing a volume of pure Au in the centre of the particle, the
effective Pd content in the branched exterior is slightly
increased (by approx. 10% for the given particle dimensions).
Consequently, slightly lower Pd content is necessary to yield
the same optical properties as in the first case (Fig. 5e).
Apart from that, the gold core has no further influence on the
optical properties which seems reasonable as localized surface
plasmon resonances are essentially dictated by dielectric/
metal interfaces, i.e. the external particle boundaries. For this
reason, we consider in the next case that palladium is only
present at the octopod tips, with the remaining particle con-
sisting of gold (Fig. 5c). In direct comparison to the other
models, the plasmon damping and broadening is more pro-
nounced at similar Pd contents (Fig. 5f). Although the modes
are broader, the absorption cross-sections are of similar
intensity at the resonance position and the scattering losses
are further reduced. Moreover, a 9% Pd content is already
sufficient to balance absorption and scattering, whereas
18-20% Pd was required for the alloy models. This higher sen-
sitivity of the optical properties for Pd located at the tips can
be seen in the different changes of the absorption-to-extinc-
tion ratio (Abs/Ext) for variation of the Pd content (Fig. 5g).
Here, the Abs/Ext ratio serves as a suitable quality factor, since
absorption is associated with heating gain and extinction
serves as a normalization parameter that also accounts for
scattering losses in the light-to-heat conversion process.
Accordingly, the maximum value Abs/Ext may take is 1, when
no scattering losses are present. For the real system, the Pd
distribution is complex. It should be noted that, electron tom-
ography and EDS studies have revealed that the branches of
the octopods are a gradient alloy, with significant accumu-
lation of Pd at the tips.”*°

Correlation between optical properties and heating efficiency

According to the above theoretical predictions, samples with
higher Pd content present lower extinction cross-sections.
Because this damping affects scattering more than absorption,
heating efficiency improves. To verify this assumption, we per-
formed diffuse reflectance (DR) spectroscopy using an integrat-
ing sphere. While standard transmission spectroscopy only
quantifies the total extinction of light, DR measurements dis-
tinguish between absorption and scattering-related contri-
butions. A specific set of experiments was thus performed with
the sample being placed in an integrating sphere (see ESI,
section ESL.2+).** This way, additional diffuse losses by scatter-
ing could be detected and evaluated. As a result, we obtained
the transmittance of the octopod samples indicating signifi-
cant differences in their spectral properties (Fig. 6a). While
their extinction signatures, the sum of absorption and scatter-
ing, are in line with the results obtained from transmission
vis/NIR spectroscopy (Fig. 2), the ratio of their diffuse contri-
bution allows us to assess their suitability for heating by
808 nm illumination (Fig. 6b). Sample B shows not only the
most favourable Abs/Ext ratio but also the most pronounced
heating efficiency at 808 nm. Following this trend, the decrease
in heating capacity of samples E, D, and A is nicely correlated
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to their diffuse optical properties (Fig. 6¢). Correlation between
Abs/Ext and heating efficiency is expected, as the absorbed
photons provide the energy available to heat up the sample. To
have a complete picture, when connecting absorbance and
heating, we should not forget about additional routes of
energy dissipation. In particular, absorbed energy can also be
released in a non-thermal way, starting with formation of hot
electrons that may provide energy to chemical reactions on the
surface, contributing to catalysis. This relaxation route typi-
cally presents a low probability, although the bimetallic char-
acter of the octopods can eventually play an important role on
this aspect.*** still, the thermal pathway is the main relax-
ation route, and thus diffuse reflectance indirectly allows for a
comparison of the heating abilities of the nanoparticles.

It is worth discussing some additional important aspects
that Fig. 6a (as well as the simulations in Fig. 5d-f) reveals:
absorption and scattering curves show a spectral mismatch,
i.e. their maxima are not at the same wavelength. Then, when
both contributions are added to form the extinction spectrum,
a single maximum is obtained, which we are considering as
the main LSPR. This maximum, though, separates a range of
lower wavelengths where absorption dominates, from a range
of higher wavelengths with dominant scattering. In the context
of heat generation, this indicates that illuminating at wave-
lengths below the LSPR maximum is favourable for heating.
Going back to Fig. 2, this would mean that the excitation wave-
length selection favours sample B over the others, which
explains the large difference observed in heating efficiency. To
test the impact of such a LSPR-excitation mismatch, we used
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FDTD simulations to calculate the Abs/Ext ratio at 808 nm for
octopods of different morphologies, varying X, Y, and Q (see
Fig. S81). Varying these geometrical parameters implies that
the LSPR appears at different wavelengths, so this simulation
considers both, resonant and off-resonance illuminations.
When the LSPR is close to 808 nm, the theoretical predictions
fully support the experimental hypothesis enunciated above
that a smaller tip-to-tip distance, X, branch base width, Q, as
well as smaller tip width, Y, are favourable for light-to-heat
conversion. However, it seems also clear that when heating is
required, those morphological properties should be combined
with slightly blue-shifted illumination to match the absorption
maximum.

Conclusions

Bimetallic gold-palladium nanoparticles with octopod shape
were shown to display efficient photothermal effects and high
thermal stability. Based on octopods with LSPRs close to
808 nm, we determined heating efficiencies between 40% and
60%. The highest efficiencies were observed for smaller
octopods, with sharper tips, slender branches, and higher
Pd content. By shifting any of these features, the efficiency was
found to decrease by at least 10%. This shows how heating
efficiency can be tuned to different needs. Indeed, for some
geometries/compositions the local temperature released by the
particles to their surroundings should be taken into account to
understand their behaviour as sensors, as it may interfere with
their sensing ability. Regarding catalysis, thermal modifi-
cations can be optically triggered, thus affecting reaction rates.

Our results demonstrate that the presence of Pd increases
the absorption/extinction ratio. The distribution of Pd within
the nanoparticles has a stronger effect when it is located at
the tips, rather than inside the branches or the core.
Consequently, the ratio between absorption and extinction,
and the related suitability for different applications strongly
depends on the amount and location of Pd. Finally, since
absorption and scattering spectra present maxima at different
wavelengths, heating was found to be favoured when the par-
ticles are illuminated at a wavelength slightly blue-shifted to
the extinction maximum.
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