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ABSTRACT We demonstrate that Pd nanospheres exhibit much
higher susceptibility of the localized surface plasmon resonance
(LSPR) peak to medium refractive index changes than commonly
used plasmonic sensing materials such as Au and Ag. The suscepti-
bility of spherical Au nanoparticle—core/Pd-shell nanospheres
(Au/PdNSs, ca. 73 nm in diameter) was found to be 4.9 and
2.5 times higher, respectively, than those of Au (AuNSs) and Ag

nanospheres (AgNSs) having similar diameters. The experimental

LSPR peak shift / nm

finding was theoretically substantiated using the Mie exact solution.

Palladium Nanoparticle as the Third Plasmonic Sensing Material
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We also showed from a quasi-static (QS) approximation framework that the high susceptibility of Pd LSPR originates from the smaller dispersion of the real

part of its dielectric function than those of Au and Ag LSPR around the resonant wavelength. We conclude that the Pd nanoparticle is a promising candidate

of “the third plasmonic sensing material” following Au and Ag to be used in ultrahigh-sensitive LSPR sensors.
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ultraviolet region

etal nanoparticles have attracted
much attention because of their
unique optical properties, espe-

cially the emergence of localized surface
plasmon resonance (LSPR), significantly dif-
ferent from bulk metals. The LSPR arises
from collective oscillations of free electrons
in the metal nanoparticles in resonance with
incoming light fields, resulting in strong local
electromagnetic fields as well as an intense
extinction band.’

It is well-studied that an increase in the
refractive index (RI) of the medium surround-
ing the plasmonic nanoparticles causes red-
shifts in the plasmon extinction band.? LSPR
sensors based on the susceptibility of the
LSPR peak position of plasmonic nanoparti-
cles to the Rl changes have been utilized to
detect analytes. It is a promising technology
for simple, label-free, and cost-effective real
time optical sensing.>* Indeed, applications
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of the LSPR sensing have been reported for
immunoassay” and for the detection of various
biomolecules including cancer biomarker,>~8
DNA’'® and so on. Recently, it has been
reported that LSPR sensor could be utilized
to detect hazardous or toxic gases.'"'? The
sensor can also be used to monitor catalytic
reactions on Pt/Ba0'® and H storage in palla-
dium (Pd) nanoparticles.'*°

Gold (Au) and silver (Ag) nanoparticles
have exclusively been used for the applica-
tion to the sensor materials because of their
high susceptibilities to Rl changes in the
surrounding media. To lower substantially
the detection limit for low-molecular weight
analytes, metal nanoparticles possessing
higher Rl susceptibilities are in high demand.
It has already been demonstrated that the
response to Rl changes can be enhanced by
optimizing nanoparticle shapes as well as the
nanoparticle diameters.?’ Empirical studies
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have shown that Au and Ag nanoparticles with various
anisotropic shapes, including Au nanobranches,®? Au
nanorods,*~2* Au nanobipyramids,? Au nanostars,?
Au pyramids,?® Au nanorattles,”” Au nanoprisms,® Ag
nanoprisms,?*>° Ag nanocubes,®' Aunanoframes,*? Au
nanoring,®® Au/Pd octopods,®** and Au nanoparticle
dimers,> have inherently high Rl susceptibilities be-
cause of their large surface charge polarizability. Also,
the Rl susceptibilities are strongly dependent on the
metal species comprising the nanoparticles. Haes et al.
reported that the LSPR from Ag triangular nanoplates
showed larger Rl sensitivities as compared with that
from Au nanoplates of identical shapes and sizes.3
In addition, another report demonstrated that the
Rl susceptibilities of LSPR of the dipole mode from
Ag nanocubes is twice as much as that from Au
nanocubes.®” Therefore, while Au nanoparticles are often
chosen because of their chemical stability to various
surrounding environments, Ag nanoparticles are also
chosen because of their higher Rl susceptibilities.

Pd is a very attractive metal species, because it has
various high-functionalities such as catalytic activity for
many chemical reactions®®3? and hydrogen storage
capability.*® Some Au-core/Pd-shell nanoparticles have
recently been reported to exhibit high Rl susceptibilities
compared with unshelled Au nanoparticles.'>*'2 All
conventional interpretations of the enhanced suscepti-
bility have centered on the plasmonic resonance of
Au cores being perturbed by the presence of the Pd
shell. Chen et al. reported enhanced Rl susceptibility
of Au nanorod-core/Pd-shell with discontinuous thin
Pd shells, as compared with unshelled Au nanorods.*'
The enhancement was ascribed to the expulsion of the
electric fields from Au nanorod cores by the adsorbed
Pd shells. Zhang et al. reported that Au nanorods coated
with Pd thin layers (thickness, ~1.1 nm) show a higherRI
susceptibility than unshelled Au nanorods.*? They sug-
gested that the susceptibility enhancement originates
from the red-shifted Au LSPR on the basis that the
enhancement of the Rl susceptibility of nanoparticles
varies linearly with the LSPR wavelength.** Au-core/
Pd-shell nanoparticles with thick Pd layers with a thick-
ness of several tens of nanometers have recently been
used to monitor the hydrogen adsorption on the Pd
shell.’® In this case, Au cores were assumed to act as
plasmonic nanoantennae for detection of surface reac-
tions. However, with such a thick Pd shell, the Pd LSPR
should dominate while the Au LSPR is screened. Never-
theless, the intrinsic Rl susceptibility of Pd LSPR itself has
not yet been explicitly addressed.

In this study, we show that plasmonic Pd nano-
spheres (PdNSs) exhibit much higher susceptibility
to Rl changes than the commonly used nanoparticles
such as Au nanospheres (AuNSs) and Ag nanospheres
(AgNSs), both experimentally and theoretically. The
results obtained in this study suggest that the Pd
nanoparticle is a potential candidate for “the third
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Figure 1. (A) Calculated extinction spectra of PdNSs in the
range of d = 10—200 nm surrounded by water (n = 1.333)
using Mie theory. Values on the curves indicate the assumed
particle diameter (d). (B) Calculated extinction spectra
of PANSs 200 nm in diameter a. Curves b, ¢, and d represent
the spectra obtained from the contribution of dipolar,
quadrupolar, and octupolar LSPR modes, respectively.

plasmonic sensing material” following the typical Au
and Ag toward the development of ultrahigh-sensitive
LSPR sensors.

RESULTS AND DISCUSSION

Overview of LSPR Properties of Pd Nanospheres (PdNSs). The
LSPR properties of metal nanoparticles can be described
by the Mie theory which gives analytical and exact
solutions of the Maxwell equations for a classical, spher-
ical nanoparticle with the multipolar expansion of the
electromagnetic fields.** Here we describe the overview
of the LSPR properties of PdNSs. Figure 1A shows the
dependence of the extinction spectrum on the particle
diameter (d) of PANSs surrounded by water (n = 1.333)
for a range of d = 10—200 nm simulated on the basis of
the Mie theory. PANSs smaller than 40 nm in diameter
do not exhibit any LSPR peaks in the wavelength region
longer than 200 nm. The larger PANSs (d = 50 nm) show
a single LSPR peak within the near-ultraviolet (UV)
region, and those larger than 90 nm in diameter exhibit
multiple, typically three, peaks within the range
of 200—1200 nm. These three peaks can be attributed
to dipolar, quadrupolar, and octupolar LSPR modes
in order from the longer to shorter wavelength region
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Figure 2. (A) Bright field (BF)-STEM image (a) and HAADF-STEM image (b) of Au/PdNSs. (B) HAADF-STEM image (a) and EDS
elemental mapping of Au/PdNS; Au L edge (b) and Pd L edge (c). (C) TEM images of AuNSs (a) and AgNSs (b).

(Figure 1B). We notice that the band of the dipolar mode
of PANSs is much broader than those of AuNSs and
AgNSs (see Figure S1 in Supporting Information) and
it broadens further with shifting to a longer wavelength
region. This is because the imaginary part of the
dielectric function of Pd is larger than those of Au and
Ag® and increases further with increasing wavelength
because of an interband transition*® (see Figure S2 in
Supporting Information). Therefore, the use of PdNSs
with 50—90 nm in diameter is best-suited for this work
on the RI susceptibility to avoid excessive line-shape
broadening. For PANSs in this size range, the line shape
is predominantly governed by the dipole mode, and
overlapping with the other multipole peaks is minimal.

Morphological and Optical Characterization of Au/PdNSs.
For the Rl susceptibility of the LSPR of Pd nanoparticles
to be properly evaluated in the frame of the Mie theory,
we need to synthesize uniformly sized spherical Pd
nanoparticles with the targeted diameter. However, it
has been found that preparation of Pd nanoparticles
consisting of pure Pd metallic species, particularly
nanospheres, is quite difficult. Typical procedures in-
clude the use of polyvinylpyrrolidone (PVP)*’~*° or
cetyltrimethylammonium bromide (CTAB)*°* as a
bulky protective agent to disperse the particles in
solution media. However, all of these attempts were
ineffective and resulted in complicated geometries
rather than a simple spherical shape. Further, the use of
bulky protective agents to support the metal nanoparti-
cles may end up with reductions of their susceptibility to
Rl changes.?**” Therefore, in this study, we adopted a
seed-mediated growth method employing spherical Au
nanoparticles as the seed cores. Applying an established
method for the synthesis of Au-nanoparticle/Ag-shell,>
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we obtained highly reproducible spherical plasmonic
Au nanoparticle-core/Pd-shell nanospheres (Au/PdNSs)
protected with citric acid as a small capping molecules
(full details are described in the Materials and Methods
section).>%%’

Formation of the Au/PdNSs was confirmed by high-
angle annular dark-field scanning transmission elec-
tron microscope (HAADF-STEM) imaging and energy
dispersive X-ray spectroscopy (EDS) mapping analysis.
A HAADF-STEM image of the Au/PdNSs (panel b in
Figure 2A) shows that the outer shell region was darker
as compared with the core region. This is indicative
of the presence of a high-Z element (Au) at the cores
and a low-Z element (Pd) at the shells. Furthermore,
EDS mapping images (Figure 2B) of the Au L edge and
the Pd L edge ensured that Pd shells cover the whole
surface of the Au cores.

The particle diameter of the Au/PdNSs of 73 + 4 nm
with the Au core diameter of 20 + 1 nm was found
by analyzing the TEM images of the particles by the
ImageJ software (the TEM image of the Au cores is
shown in Figure S3 in the Supporting Information).>®
Therefore, the thickness of Pd shells was estimated to
be 27 £ 2 nm.

For comparison purposes, we also synthesized
commonly used plasmonic spherical nanoparticles
(AuNSs and AgNSs) protected with the same capping
molecule (citric acid) (full details of the syntheses are
described in the Materials and Methods section). The
particle diameters of 60 + 3 nm for AuNSs, 70 £+ 4 nm
for AgNSs, estimated from TEM observation (Figure 2C)
were similar to that of Au/PdNS. The TEM images with
low magnification for all of the nanospheres are shown
in Supporting Information, Figure S4.
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Figure 3. Extinction spectra of colloidal aqueous solutions
of AuNSs (a), AgNSs (b), and Au/PdNSs (c).

The extinction spectra for the colloidal aqueous
solutions of AuNSs, AgNSs, and Au/PdNSs are shown
in Figure 3. Each of the solutions of AuNSs and AgNSs
showed a sharp LSPR peak, which is attributable to the
dipole resonance mode (535 nm for AuNSs and 440 nm
for AgNSs). In addition, AgNSs showed a weak shoulder
originating from the quadrupole resonance at approxi-
mately 350 nm. On the other hand, the solution of
Au/PdNSs showed a clear broad extinction peak at
336 nm. To clarify the optical properties, the theoretical
spectra of Au/PdNSs with a particle diameter of 73 nm
with the Pd shell of 27 nm thickness were calculated
from the Mie theory. The results are shown in Figure 4A:
Curve a is the contribution of only the dipole reso-
nance while curve b is the overall spectrum including
the multipole resonances in addition to the dipole
resonance. The experimentally obtained spectrum
(curve c in Figure 4A) is in excellent agreement with
the calculated spectra. Furthermore, these calculated
spectra indicate that the LSPR peak from the Au/PdNSs
in the measured wavelength range arises predomi-
nantly from the dipole resonance with only a small
additional contribution of higher-order multipole reso-
nances (e.g., quadrupole resonance).

As we are interested in the LSPR from the Pd nano-
sphere, we have investigated the effect of the Au cores
on the LSPR properties of the Au/PdNSs. Figure 4B
shows theoretical extinction spectra in water for
Au/PdNSs having the total diameter of 73 nm with
various diameters of Au-core. The Au/PdNSs with larger
core diameters over 40 nm give the core/shell mode
originating from the Au core in a 500—600 nm region in
addition to a broad extinction peak of PANSs covering
the whole visible range. On the other hand, the spectra
of the Au/PdNSs with the Au core diameters smaller
than 30 nm showed only a broad LSPR peak, which is
attributable to PdNSs. The LSPR peak originated from
Au cores was not observed because of the screening
effect due to the thick Pd shells. As a result, the
shapes of the extinction spectra of these nanospheres
were identical to that of the pure PdNSs (d = 0 nm in
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Figure 4. (A) Calculated extinction spectra of Au/PdNSs
with the same morphology as experimentally obtained
nanoparticles, surrounded by water (n = 1.333) consisting
of only dipolar (a) and multipolar LSPR modes (b). Experi-
mental extinction spectrum of colloidal aqueous solution
of Au/PdNSs (c) (the same as in Figure 3c). (B) Au core
size dependence of the calculated extinction spectra
of Au/PdNSs (total diameter, 73 nm) within the region
of 0—73 nm in the core diameters; d,, values in the figure
indicate the assumed Au core sizes.

Figure 4B). The experimentally obtained extinction
spectrum for the Au/PdNSs with the 20 nm core
diameter, which is consistent with the calculated spec-
tra for Au/PdNSs with the core diameters smaller than
30 nm, is therefore attributable to the LSPR from the
PdNSs, and the effect of the Au core is negligible. These
results allow us to evaluate the intrinsic Rl susceptibility
of Pd using the present Au/PdNSs without the inter-
ference from the sufficiently small Au core.

Response to Refractive Index Changes. To investigate
the optical response to the surrounding medium
Rl changes for the Au/PdNSs, we have immobilized
Au/PdNSs on a quartz substrate. We also prepared
AuNSs- and AgNSs-immobilized samples as the refer-
ences. Typically, immersion of polyethylenimine (PEI)-
modified quartz substrate in the colloidal aqueous
solutions of the nanoparticles for appropriate duration
led to the formation of well-dispersed nanoparticle
assemblies via electrostatic interaction between the
positively-charged quartz surface modifier and the nega-
tively-charged nanoparticle surfaces, which are derived
from citric acid used as a capping molecule. The extinc-
tion spectra of the nanospheres were measured in water
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Figure 5. (A) Extinction spectra of the quartz substrate-supported AuNSs (a), AgNSs (b), and Au/PdNSs (c) in different solvent
mixtures (0, 10, 20, 30, 40, and 50 vol % glycerol aqueous solutions). To highlight the spectral shift, all of the spectra
are normalized. (B) Experimentally obtained dependences of the LSPR peak shifts on Rl changes for AuNSs (a), AgNSs(b), and
Au/PdNSs(c). (C) Calculated dependences of the LSPR peak shifts on Rl changes for AuNSs (a), AgNSs(b), and PdNSs(c) with the

same morphology as experimentally obtained nanoparticles.

(glycerol concentration: 0 vol %) and aqueous solutions
of glycerol (10, 20, 30, 40, and 50 vol %). The refractive
indexes (N of the glycerol aqueous solutions were
calculated according to the Lorentz—Lorenz equation.??
The extinction spectrum for each of the immobilized
nanospheres showed only LSPR modes originated from
isolated nanoparticles but no coupling modes from
multiple nanosphere aggregates (see Figure S5 in the
Supporting Information). The absence of nanosphere
aggregation was supported by the SEM images of AuNSs,
AgNSs, and Au/PdNSs immobilized on the substrates;
one can observe that the nanospheres were mostly
monodispersed (Supporting Information Figure S6), with
deposition densities of 6.5 == 1.6 particles/um? for AuNSs,
9.2 + 2.3 for AgNSs, and 8.5 + 0.8 for Au/PdNSs. Figure 5A
shows the normalized extinction spectra (AuNSs (a),
AgNSs (b), and Au/PdNSs (c)) for the immobilized nano-
particles in these solutions. All the LSPR peaks of the
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nanospheres red-shifted upon increasing the glycerol
concentration, hence upon increasing the Rl of the
surrounding medium. As shown in Figure 5B, the LSPR
peak shifts, Admax = (Amax in glycerol solution) — (A nayx in
water), for all three nanoparticles were linear to the
changes in the Rl of the surrounding medium ranging
from 1.333 to 1.402. The Rl susceptibility, defined as Sey, =
Almax/ ANpui, Where Ang e = (N in glycerol solution)
— (Npui in water), of the nanospheres obtained from the
linear fitting of the LSPR shifts versus the Rl changes
are shown in Table 1. The RI susceptibility of the AgNSs
and AuNSs are consistent with previous reports.*>>%°
The value of AgNSs is higher than that of AuNSs.>®*” The
new finding in the present study is that the Rl suscepti-
bility of Au/PdNSs is much higher than those of the
AuNSs (4.9 times) and AgNSs (2.5 times).

We calculated Rl susceptibilities from the LSPR peak
shifts of AuNSs, AgNSs, and Au/PdNSs surrounded by
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TABLE 1. Comparison of Rl Susceptibility of AuNSs, AgNSs,
Au/PdNSs, and PANSs Obtained from Experimental Results
(Sexp); Mie Theory (Syie), and QS Approximation (Sqs)

RI susceptibility (nm/RU)

nanospheres Sexp Shtie Sas
AuNSs 580 126 134
AgNSs n5+£2 230 199
Au/PdNSs 286 + 17
PdNSs 351 290

media whose Rl range is 1.333—1.400 using the Mie
exact solution. As shown in Figure 5C, theoretically
estimated Rl susceptibilities (Sy;e) of these nanoparticles
well reproduced the order of the experimentally ob-
tained results (Figure 5B). The theoretical Sy;ie of PANSs is
indeed quite high as shown in Table 1. These Sy values
were calculated for nanospheres with experimentally
obtained diameters in this study (AuNSs, 60 nm; AgNSs,
70 nm; and Au/PdNSs, 73 nm). The same trend is also
obtained for nanospheres with an identical diameter
(see Supporting Information, Table S1). The experimen-
tally obtained Rl susceptibilities are somewhat smaller
than the theoretical ones because the susceptibilities
were measured for nanoparticles immobilized on a
quartz substrate surface whose Rl is fixed, resulting in
reduced overall susceptibility to the RI changes in the
bulk solution, which is called the “substrate effect”.5!

Origin of High Rl Susceptibility of Pd LSPR. Although the
Mie theory predicts the high susceptibility of Au/PdNSs
as described above, it is difficult to extract physically
meaningful factors from the full formulation of the
theory. Therefore, we have examined the factors deter-
mining the high susceptibility of plasmonic Pd nano-
particles using a perturbation theory. Specifically, the
ratio (Sqs) of a small change of the LSPR wavelength, A4,
to a small change of RI, An, can be described in a quasi-
static (QS) approximation framework as follows.**

-1

Sos = AL _ 26 08y (M
An n\ai

2o

where &, n, 4, and A, are, respectively, the real part of
the dielectric function of the metal, the refractive index
of the medium, the wavelength of incident light, and
the LSPR peak wavelength. This equation tells us that
the high susceptibility of the Au/PdNSs originates either
from a large value of ¢, or a small dispersion of ; at the
resonant wavelength or both. Under the QS approxima-
tion, the extinction cross-section (0. of the metal
nanospheres is described as**

o 2472n3a? &
T A (42n) 42

)

where a is the radius of metal nanosphere and &, is the
imaginary part of the dielectric function of the metal.
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Figure 6. (A) Wavelength dependences of real part of the
dielectric functions (g7) of Au (a), Ag (b), and Pd (c). (B)
Dispersion of ¢, (de,/04) of Au, Ag, and Pd. (C) RI suscepti-
bility (Sqs) of Au, Ag, Pd. The vertical column of each color
means the LSPR region for the Rl from n = 1.333 to 1.400.
The width of the column corresponds to the susceptibility.
Purple marks indicate the value of each property, ¢,, 3¢,/91,
and Sqs in the resonance wavelength range.

The LSPR peak position corresponds to the wavelength
where 04 takes the maximum value. It is well-known
that 0.y, takes the maximum at the wavelength at which
the Frohlich condition &; +2n? = 0 is satisfied in the
dipolar LSPR mode in many metal nanospheres includ-
ing Au, Ag, and Pd, because the dispersion of ¢, is
smaller than that of &; around the resonant wavelength
for these metals. Therefore, the value of ¢, that satisfies
the resonant condition is determined by the medium and
would not depend on the kind of metals. In Figure 6(A),
&, is plotted against wavelength for each metallic species
(&7 values for Au, Ag, and Pd were taken from ref 45. 62,
and46, respectively.). Also shown in Figure 6 are the
vertical shaded columns that indicate the ranges of LSPR
peak positions in solvents from water to 50 vol %
glycerol/water calculated by the Mie theory. The purple
rectangles indicating the crossing regions then represent
the &, values at the resonant conditions for Pd, Ag, and
Au. We see that the values of ¢, at the resonant conditions
for each metal species are close to one another (g, =
—5.19 for Au around 543 nm, —6.10 for Ag around
466 nm, and —6.20 for Pd around 393 nm for ny, =
1.37: average value of refractive indices of water and
50 vol % glycerol/water). Note that the Frohlich condi-
tion can be applied for spheres much smaller than the
wavelength. The obtained ¢; values for resonance are
somewhat different from that (¢; = —3.75 for npy = 1.37)
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calculated according to the Frohlich condition, because
the size parameter has to be taken into account and
because the Frohlich condition should be modified for
spherical larger nanoparticles. However, even if the size
parameters are taken into account, values of &, for each
metal species are close to one another (see Supporting
Information). Therefore, the difference in the RI suscepti-
bility is determined not by the difference in &; but mainly
by the difference in the dispersion of &;, that is, de,/0A.
Figure 6 parts B and C show, respectively, the de;/d1
values and the Rl susceptibility (Sqs) at the resonant wave-
lengths obtained from eq 1. Clearly, smaller |9e;/dA|
values lead to larger Sqs values for Au (134 nm-RIU™"),
Ag (199 nm-RIU™Y), and Pd (290 nm-RIU™") at the
respective resonant wavelengths. These theoretical Rl
susceptibilities are well in agreement with the suscepti-
bilities (Swie) obtained by the full Mie theory taking all
multipole expansions into considerations (see Table 1).
While application of the QS approximation is regarded
to be valid for the metal nanoparticles with diameters
much smaller than the wavelength of light and with a
sufficiently small real part of the dielectric function, the
above discussions clearly demonstrate the validity of
the QS approximation in the present case, although the
sizes of the metal nanoparticles are relatively large.t®
Taken together, the origin of the large Rl susceptibility of
the Pd plasmonic nanoparticles is attributed to the small
dispersion of the real part of the dielectric function at
the LSPR wavelength (d¢,/04).

Although we have made a thorough literature
survey of the Rl susceptibility of Pd LSPR, we found
no report demonstrating either theoretically or experi-
mentally that Rl susceptibility of Pd LSPR is much
higher than those of the commonly used plasmonic
metals (Au and Ag). This might be due to synthetic
difficulty of uniformly sized spherical Pd nanoparticles
with the targeted diameter and/or handling difficulty
of the Pd nanoparticles. For example, air exposure and
drying of Pd nanoparticles with a diameter of several
tens of nanometers causes irreversible damping of the
LSPR as we have often experienced. In the present
work, we succeeded in the synthesis of the targeted
diameter by employing the seed-mediated growth
method. We further made it possible to maintain the
intrinsic Rl susceptibility of Pd LSPR by preventing the
Au/PdNSs on the substrates in solution from drying.
To our delight, we found that the susceptibility of
Au/PdNSs is truly higher than those of some previously
reported anisotropic nanoparticles consisting of the
commonly used plasmonic Au species such as Au
nanorods (198—288 nm RIU™"),?2~2* Au nanopyramids
(130—221 nm RIU™"),%® Au nanocubes (83 and 147 nm
RIU"),%>37 Au nanobars (219 nm RIU™"),>” and Au
nanotube arrays (250 nm RIU™"),%* although higher
susceptibility values have been reported for Au nano-
particles with complex geometries such as Au nanostars
(660 nm RIU™"),%®> Au nanobranches (703 nm RIU™"),?

SUGAWA ET AL.

Au nanoprisms (737 nm RIU™")>® Au nanorings
(880 nm RIU™"),*® and Au nanoframes (740 nm RIU™ ) 3?
The synthetic processes of these anisotropic sensing
nanoparticles are mostly quite complex and time-
consuming, as compared with those of simple spherical
nanoparticles employed in the present study. Also, syn-
thesis of many of these anisotropic nanoparticles requires
dense and bulky protective coating with molecules such
as polyvinylpyrrolidone (PVP)*'***” and cetyltrimetyl-
ammonium bromide (CTAB),>>*>*"® which may prevent
the receptor molecules such as antibodies, which will be
required for application to biosensors, from gaining
access to the close proximity to the metal. In contrast,
the spherical nanoparticles can be synthesized utilizing
small molecules such as citric acid as a capping mole-
cule. It has recently been reported that Pd surfaces are
very active for surface immobilization of self-assembled
monolayers based on sulfur-Pd bonding.®>%® Therefore,
these results suggest that the Au/PdNSs can act as
plasmonic sensing materials with a superior sensitivity,
an easier synthesis, and more facile surface modification
with functional molecules, than conventional Au- and
Ag-based nanoparticles.

Although Au/PdNSs has the large Rl susceptibility,
their LSPR signals are broad due to the large imaginary
part of the dielectric function. The sensitivity of the
LSPR sensors is mainly determined by the figure
of merit (FoM), which is defined as the ratio of the Rl
susceptibility to the resonance width. Therefore, the
broader LSPR peak might be considered as detrimental
to the sensing based on Rl changes because this is
directly linked to a lower FoM. However, this disadvan-
tage can be potentially resolved by the following two
approaches.

First, the peak positions can be read out only from
the LSPR spectrum itself but also from the second
derivative (curvature) of the spectrum. It is theoretically
possible that the latter monitoring method will resolve
the disadvantage of broad LSPR.®”

Second, one of the attractive phenomena that
are deemed useful for the development of highly
sensitive LSPR sensors is the Fano resonance which
occurs in metallic complex nanostructures because it
can enhance the FoM due to their sharp lineshapes.®®
This unique phenomenon has been studied in hetero-
geneous nanostructures consisting of Au—Pd,*® and
Ag—Pd’® as well as the aggregated nanostructures
consisting of the monometals. The Fano resonances
generated from the heterostructures consisting of
Pd and other metals have a great potential for highly
sensitive sensors.

CONCLUSIONS

This study demonstrated that the Pd nanoparticle is
a promising candidate for “the third plasmonic sensing
material” to be used in ultrahigh-sensitive LSPR sensors.
We experimentally and theoretically demonstrated that
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the RI susceptibility of the Pd LSPR peak from Au/
PdNSs, which is attributable to a dipole mode, is much
higher than commonly used plasmonic sensing nano-
spheres (AuNSs and AgNSs). In addition, we found
using the QS approximation that this high suscepti-
bility arises from the small dispersion of the real part
of the dielectric function of the metal. These results

MATERIALS AND METHODS

Chemicals. Milli-Q-grade water was used to prepare up all
aqueous solutions. Palladium(ll) chloride (PdCl,; Wako Pure
Chemicals), 0.2 M hydrochloric acid (HCl; Wako Pure Chemicals),
trisodium citrate dihydrate (Kanto Chemical), L-ascorbic acid
(Wako Pure Chemicals), hydrogen tetrachloroaurate(ll) tetra-
hydrate (HAuCl, - 4H,0; Nacalai Tesque), silver nitrate (AgNO3; Wako
Pure Chemicals), poly(ethylenimine) (PEI, M,, = 50000—100 000;
Wako Pure Chemicals), poly(sodium 4-styrenesulfonate) (PSS,
M,, = 70000; Sigma-Aldrich), and glycerol (Sigma-Aldrich) were
used as purchased without further purification.

Preparation of Colloidal Aqueous Solution of Au/PdNSs. A colloidal
aqueous solution of gold nanoparticle cores was prepared using
a modified version of previously reported procedures.”’ Typi-
cally, an aqueous solution of HAuCl,-4H,0 (0.01T wt %, 100 mL)
was refluxed for 30 min. Next, an aqueous solution of trisodium
citrate (1 wt %, 4 mL) was added instantaneously into the solu-
tion, followed by refluxing for 60 min to produce an aqueous
solution of gold nanoparticles (mean diameter: 20 + 1 nm)
protected with citric acids. Then, an aqueous solution of hydro-
gen tetrachloropalladate(ll) (1 mM, H,PdCl,) was prepared by
dissolving 1.7 mg of PdCl, into 10 mL of a 1 mM HCI aqueous
solution. Next, 0.6 mL of the solution of gold nanoparticle cores
was added to the H,PdCl, solution, and 1.2 mL of an aqueous
solution of ascorbic acid (100 mM) was added to the solution at
a speed of 8 uL per minute in an ice bath.>® The color of the
solution gradually turned to dark brown. The stirring was
continued for 30 min after finishing the addition of ascorbic
acid solution. Finally, the resultant colloidal solution was cen-
trifuged for 15 min at 14 000 rpm, followed by dispersing the
obtained precipitations of Au/PdNSs into an aqueous solution
of trisodium citrate (1.3 mM, 10 mL).

Preparation of Colloidal Aqueous Solutions of AuNSs and AgNSs. A
colloidal aqueous solution of AuNSs was prepared using a
modified version of the above-described procedures.”' Typi-
cally, an aqueous solution of HAuCl,-4H,0 (0.01 wt %, 50 mL)
was refluxed for 30 min. Next, an aqueous solution of disodium
citrate (1 wt %, 0.45 mL) was injected into the solution and
then the mixed solution was refluxed for 60 min to produce
an aqueous solution of citrate-capped AuNSs (diameter,
60 £ 3 nm). A colloidal aqueous solution of AgNSs (diameter,
70 £ 4 nm) protected with citric acid was prepared using
Meisel's procedure.”? An aqueous solution of silver nitrate
(1 mM, 100 mL) was refluxed for 30 min. Then, a 2 mL aliquot
of aqueous sodium citrate (10 wt %) was added to the solution,
and the solution was again refluxed for 1 h.

Immobilization of Metal Nanoparticles. To investigate Rl suscepti-
bilities of the plasmonic nanoparticle, the nanoparticles
were immobilized on the surface of a quartz substrate. First,
the substrate was immersed into an aqueous solution of PEI
(45 mg/mL) containing 0.2 M NaCl for 30 min at room tempera-
ture. After washing the surface with water, the substrate was
immersed into an aqueous solution of PSS (42 mg/mL) contain-
ing 0.2 M NadCl for 30 min at room temperature. Next, after
washing the surface with water, the surface was again im-
mersed into the PEl solution, followed by washing with water.
The substrate covered with the resultant positively charged
surface layer was then immersed into colloidal agueous solu-
tions of each of the metal nanoparticles for appropriate dura-
tion (AuNSs and AgNSs for 3 h and Au/PdNSs for 12 h), followed
by washing with water.”> All of the aqueous solutions for
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demonstrated that the Pd LSPR has a high degree
of usability as a sensing mechanism for label-free
biosensing, gas sensing, and so on. Furthermore,
we proposed that the monitoring of the curvature
of LSPR signal and the Fano resonance, which occur
in heterostructures consisting of the Pd—Au(Ag), will
lead to an improved FoM.

immobilization of the nanospheres were used without degas-
sing. On the other hand, the nanospheres immobilized on the
substrates were kept away from direct exposure to gaseous air
to avoid deterioration of the nanospheres.

Measurements and Calculations. UV —vis spectral measurements
were carried out by a JASCO V-630 spectrophotometer. TEM
images were taken on a Hitachi HF-2000 with an acceleration
voltage of 200 kV. A HAADF-STEM image and EDS mapping
analysis were taken on a STEM (HD-2300C, Hitachi Ltd.). FE-SEM
images were taken with a Hitachi S-4500 microscope with
an acceleration voltage of 15 kV. Mie scattering calculation
was carried out by Bohren and Huffman's solution*? using the
MATLAB code written by Matzler.”* Dielectric functions for the
metals was taken from the 4-term Lorentzian model for Au,* the
Drude—Lorentz model for Ag,%? and the Drude model for Pd.*
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