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ABSTRACT: Reversible tuning of localized surface plasmon
resonances is achieved with strong resonance intensity in the
near-IR region using hydrogen uptake into dimeric nanostruc-
tures of Pd−Ag layered nanodots. The resonance feature in the
present dimer is characterized by hybridized plasmon modes
between two adjacent Pd−Ag layered nanodots with similar
plasmonic features. In contrast, the resonance of a conven-
tional Pd−Ag heterodimer is considered to be a perturbed
plasmon mode between Pd and Ag nanodots with different
plasmonic features. The strong symmetric interactions in the
layered dimers lead to a large peak shift with hydrogen uptake into the Pd layers, while the weak asymmetric interactions in the
heterodimers result in a decrease in the band intensity. The flexible tailoring of the resonance intensity, wavelength, and
tunability of the layered nanostructures provides the possibility for novel functionalized plasmonic materials or devices to be
realized.
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Nanostructures of noble metals such as gold or silver have
recently attracted much interest, due to their character-

istic optical properties caused by the resonant excitation of
collective oscillations of free electrons on their surface.1−4 This
localized surface plasmon resonance (LSPR) has been widely
exploited in various fields such as sensing, spectroscopy, and
photochemistry.5−7 The LSPR feature of a metal nanostructure
is characterized by its size and shape, so that a wide wavelength
range between the visible and near-infrared regions can be
covered by LSPR bands through control of the geometric
parameters of these metal nanostructures.8,9 However, this
geometric controllability of the LSPR bands can also be a
shortcoming due to difficulty in achieving reversible tun-
ing.10−13 The achievement of tunable LSPR may open up a
novel avenue for plasmonic photochemistry and photonics. To
tune the LSPR without changing the geometry of metal
nanostructures, it is necessary to control the density or effective
mass of free electrons in a metal. The electrochemical shift of
the Fermi level in a metal can vary the LSPR wavelength to a
very small extent.14 Another possible method to induce more
significant changes is the use of a phase transition such as a
metal−insulator transition. To date, one of the most successful
attempts to tune the LSPR bands is based on a metal-hydride
phase transition.15−18 Palladium (Pd) can absorb a large
amount of hydrogen via formation of palladium hydride
(PdHx), where x is the ratio of H to Pd in the lattice. The
density of states at the Fermi level of PdHx decreases with
increasing x, which results in hydrogen-sensitive LSPRs of the
Pd nanostructures.19 This system is expected to be employed

for highly sensitive hydrogen sensors, which are an indis-
pensable requirement for hydrogen storage applications. The
real-time sensing of hydrogen absorption has thus become a
unique tool to understand the kinetic behavior of metal hydride
formation.
In spite of the potentiality of such Pd nanostructures, their

LSPRs are rather weak in intensity due to their lossy plasmonic
nature resulting from the contribution of localized d-electrons
at the Fermi level.20,21 The nature of d-electrons often
correlates with physical properties of transition metals such as
magnetism or catalytic activity as well as hydrogen absorption.
However, strong LSPRs rely on the Drude-like behavior of sp-
electrons in noble metal nanostructures, so that the tunability
and intensity of the resonance tend to be mutually exclusive.
(Recently, it was found that Au nanoparticles were responsive
to hydrogen gas only when their LSPR was excited.22−24 Since
this phenomenon is different from the conventional hydrogen
uptake-induced LSPR change, we do not discuss it here.) If the
tunability and intensity are simultaneously achieved in LSPRs,
one can expect to develop active plasmonic devices such as a
tunable plasmonic laser, in which hydrogen uptake and release,
i.e., tuning of LSPRs, may be electrochemically controlled in
the presence of proton sources. Therefore, so-called intensity
borrowing from noble metal nanostructures is frequently
utilized to obtain stronger LSPRs with transition metal
nanostructures.25−29 For example, when a Pd nanoparticle is
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almost in contact with an Ag or Au nanoparticle, perturbed
plasmon modes are built between these two adjacent
nanoparticles.16,17 However, the dominant resonance nature
of such bimetal heterodimers is determined by that of the
hydrogen-insensitive metal nanoparticle, which results in a
rather small hydrogen-induced variation. Recently, Yang et al.
reported that Au−Pd trimers with touching Au and Pd
nanoparticles showed higher hydrogen sensitivity than Au−
Pd dimers, meaning that there is still room for improving the
performance of hydrogen response due to geometric
optimization in the intensity borrowing system.18

In this work, we demonstrate the simultaneous achievement
of strong LSPR and large tunability for Pd−Ag layered
nanostructure ensembles with ordered arrangements at the
centimetric scale. This layered nanostructure array is fabricated
using a conventional metal deposition technique combined
with the self-assembly of a shadow mask.30−32 When hydrogen-
induced spectral change is rather small, a wide distribution of
size and shape in nanostructure ensembles causes a difficulty in
observations; indeed, lithographic shape control of nanostruc-
ture ensembles or single-nanoparticle observation has usually
been conducted in previous investigations.15−18 Here, a
hydrogen-induced effect is clearly observed in the simply
fabricated centimetric arrays even under macroscopic observa-
tion. The intensity and tunability of the LSPR band can be
balanced by changing the thickness ratio of hydrogen-sensitive
Pd to plasmonic Ag in the stacked layers of each nanostructure.
While conventional Pd−Ag heterodimers are geometrically and
optically anisotropic, the present Pd−Ag layered nanodots can
be isotropic, which leads to improved flexibility in tailoring
functionalized bimetal nanosystems. Dimerization of Pd−Ag
layered nanodots can provide much stronger LSPR than that
from conventional Pd−Ag heterodimers.

■ RESULTS AND DISCUSSION
Fabrication of Metal Nanodimer Arrays. Metal nano-

structures were fabricated on a glass substrate using angle-
resolved nanosphere lithography (AR-NSL).31,32 The fabrica-
tion procedure is illustrated in Figure 1a. One significant
advantage of this technique is that the shaped and arrayed
nanostructures can be easily formed on a substrate with
centimetric size, which enables observation of the optical
response using a conventional optical spectrometer. Figure 1b
shows a variety of metal nanostructure arrays that were formed
using this technique: Ag−Ag dimer, Pd−Pd dimer, Pd−Ag
heterodimer, and Pd−Ag layered dimer. Among these
structures, the Pd−Pd monometal dimer was utilized to
examine the hydrogen uptake effect on the LSPR. For bimetal
systems, the conventional heterodimer was used to compare
with the present layered dimer with respect to the LSPR
intensity and tunability.
Hydrogen Uptake in Pd−Pd Nanodimer Arrays. Figure

2a shows an atomic force microscopy (AFM) image of the Pd−
Pd dimer array fabricated with evaporation angles of 0° and
11°. According to our previous study,31,32 the gap distance is
expected to be a few nanometers, although AFM measurement
using the conical tip cannot map such morphology. Each dimer
consists of two triangular dots with different sizes: a large dot
with a length of ca. 120 nm and a small dot with a length of ca.
30 nm. The thickness of the nanodots was approximately 20
nm. These dimers are uniaxially aligned on the substrate, which
results in optical anisotropy of the array. Figure 2b shows
polarization-dependent extinction spectra of the array, meas-

ured using a conventional macroscopic spectrometer (see
Methods section for more details). A very broad feature was
apparent for each polarization. In particular, the observed band
for the long axis was slightly red-shifted compared with that for
the short axis. This anisotropic property suggests that these
features originate from the LSPR of Pd−Pd dimers.33,34 The
weak and broad resonance is caused by the highly damping
nature of the localized d-electrons in Pd. The small peak shift in
the long axis polarization implies that the electromagnetic
coupling is weak in the dimers. Indeed, the calculated
resonance bands are in good agreement with the experimental
results, which supports the origin of the spectroscopic features,
as shown in Figure 2c. The broader bandwidth in the
experimental spectra is probably due to the inhomogeneity of
the fabricated nanostructures because the array involves many
defects due to the technical limitations of the self-assembled
shadow mask in the AR-NSL method.
When this array was exposed to H2−Ar mixed gas with a H2

partial pressure of 3 × 103 Pa under atmospheric pressure at
room temperature, spectral variations were observed for both
polarization directions. Figure 3a shows the difference spectra
for the array with and without H2, which indicates that the
LSPR of the Pd nanostructures is indeed affected by hydrogen
uptake. From a comparison of Figures 2b and 3a, it was
concluded that hydrogen uptake into the Pd nanostructures
induces a decrease in the LSPR intensity. Figure 3b shows a
time course of the spectral variation at 600 nm measured for
the long-axis polarization. When H2 gas was introduced to the
cell, the LSPR intensity quickly decreased and then reached
equilibrium. After the H2−Ar gas flow was interrupted by
alternating N2 gas flow, the resonance intensity gradually
recovered to the initial value. This hydrogen-induced change

Figure 1. (a) Schematic illustration of the AR-NLS method to
fabricate nanodimer arrays on a glass substrate. (b) Variety of dimer
systems used in the present study: Ag−Ag and Pd−Pd dimers as
monometal systems and Pd−Ag heterodimer and Pd−Ag layered
dimers as bimetal systems.
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was repeated several times, but the recovery rate gradually
decreased as shown in Figure S1.
When Pd absorbs hydrogen, two different phases of PdHx,

i.e., a solid solution (α phase) and hydride (β phase), are
formed depending on the atomic ratio of x = H/Pd, where x ≤
1. (Figure S2 shows approximate pressure−composition
isotherms for the Pd-PdH phase in bulk Pd exposed to a
hydrogen atmosphere.35) It is assumed that the optical
constants of the β phase are significantly different from those
of metallic Pd.36 From previous reports, there is a consensus
that the hydrogen-induced variation of LSPR correlates with
the β phase formation in Pd nanostructures.15,37 Figure 4 shows
the decrease in LSPR intensity at 600 nm, measured parallel to
the long axis of Pd−Pd dimers, as a function of both
temperature and the H2 partial pressure under atmospheric
pressure. The induced variations are larger at lower temperature
under higher H2 pressure; significant changes were observed in

Figure 2. (a) AFM image and details of the Pd−Pd dimer array. (b)
Extinction spectra for the Pd−Pd dimer array measured along the long
and short axes of the ordered dimers. (c) Theoretically calculated
extinction spectra for the Pd−Pd dimer array.

Figure 3. (a) Difference spectra for the Pd−Pd dimer array with and
without H2 gas with a partial pressure of 3 × 103 Pa under atmospheric
pressure at room temperature. (b) Temporal behavior of the long-axis
LSPR intensity at 600 nm with and without H2 gas under the same
conditions as (a).

Figure 4. Hydrogen-induced variations of the long-axis LSPR intensity
of Pd−Pd dimers at 600 nm as a function of temperature and H2
partial pressure under atmospheric pressure. A series of LSPR changes
measured for various partial pressures at each temperature were
normalized with respect to the magnitude of the change induced by
pure H2 gas.
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the low-temperature region between 20 and 40 °C when the H2

pressure was higher than 2 × 103 Pa. In the high-temperature
region above 50 °C, no such variation was observed under the
present pressure conditions. The pressure dependence of the
LSPR variations conforms well to the phase diagram shown in
Figure S2. That is, at room temperature and under atmospheric
pressure, the LSPR characteristics of the Pd nanostructure array
vary sensitively in the presence of a few percent H2 gas through
the formation of the β-phase PdHx with x > 0.6. In the

meantime, the phase transition to β-phase results in a lattice
expansion as much as 4%. In the dimer system, thus, the
formation of the β-phase may cause a decrease of the gap
distance.18 However, we could not elucidate this contribution
to the observed LSPR change because there were many
structural defects in the array due to the fabrication method;
the pressure and temperature dependences measured along the
short axis were similar to those along the long axis.

Figure 5. (a) Extinction spectra and hydrogen-induced variations for the monometal Ag−Ag and Pd−Pd dimers. (b) Extinction spectra and
hydrogen-induced variations for the bimetal Pd−Ag heterodimer and Pd−Ag layered dimers. (c) Enlarged spectra for the Pd−Ag layered dimers
with and without H2 gas. The inset shows an AFM image of the Pd−Ag layered dimers.
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Hydrogen Uptake in Pd−Ag Nanodimer Arrays. To
increase the LSPR intensity, Pd nanostructures may be
combined with Ag or Au nanostructures.16−18 This concept is
conventionally realized as a Pd−Ag heterodimer, as shown in
Figure 1b. However, the LSPR of this structure is
predominantly determined by that of the Ag nanostructure,
resulting in a decrease of tunability. Alternatively, a Pd−Ag
layered nanodot can be considered to achieve intensity and
tunability simultaneously because the optical properties of this
structure roughly resemble that of a mixture of Pd and Ag,
according to the effective medium approach (see Supporting
Information for a detailed discussion).38 The layered nanodots
can be dimerized, as shown in Figure 1b, so that the LSPR
property would be flexibly tailored, although phase retardation
is non-negligible in a strongly interacting dimer.33 In all of the
dimers examined here, i.e., Ag−Ag and Pd−Pd dimers, and
Pd−Ag heterodimer and layered dimers, the thickness of the
nanodots was fixed at 20 nm. For the layered system, 10 nm Ag
layers were formed on the substrate followed by deposition of
10 nm Pd layers. Hydrogen-induced spectral variations were
obtained at room temperature and atmospheric pressure with a
H2 partial pressure of 3 × 103 Pa.
Figure 5a shows extinction spectra for the Ag−Ag and Pd−

Pd monometal dimers and their difference spectra with and
without H2 measured with the polarization direction parallel to
the dimer axis. As already explained in Figures 2 and 3, the
LSPR band of the Pd−Pd dimers was extremely weak and
broad due to the lossy electronic nature of Pd, while the LSPR
intensity was reversibly changed upon exposure to the
hydrogen atmosphere. In contrast, the Ag−Ag dimer showed
a very intense LSPR band at 850 nm but no significant
hydrogen-induced effect.
Figure 5b shows extinction spectra for the Pd−Ag

heterodimer and Pd−Ag layered dimer arrays and their
difference spectra with and without H2. Both bimetal structures
exhibit a clear LSPR band, which is much larger than that for
the Pd−Pd dimer array. Moreover, the peak position is
completely different between these two bimetal systems. The
Pd−Ag heterodimer has a broad LSPR band at around 550 nm
with a low-energy tail. It is noted that this peak position is very
close to that of the Ag monomer. The low-energy tail is
probably due to the contribution of the Pd nanodot. In
contrast, the Pd−Ag layered dimer exhibits a sharp LSPR band
at 1200 nm. The largely red-shifted band suggests that the
electromagnetic coupling between nanodots is strong in the
layered dimer. That is, a wide-wavelength region can be covered
by the LSPR of this system, in a similar manner to that for
conventional monometal dimers. This flexible tailoring of the
resonance wavelength is a significant advantage in the layered
system.
In addition to the difference in the static resonance feature,

the hydrogen-induced response was significantly different
between these two bimetal systems. In the case of the
heterodimers, the hydrogen-induced variation appeared as a
decrease in the LSPR band intensity; the spectral variation was
the largest at the peak wavelength of the LSPR band. However,
in the layered dimers, the spectral variation exhibited a
differential feature with a minimum at the peak wavelength of
the LSPR band. The enlarged raw spectra of Figure 5c show
that this corresponds to a peak shift of ca. 30 nm. The layered
system is thus much better than the heterodimer system with
respect to the simultaneous achievement of resonance intensity
and tunability. Moreover, the LSPR intensity and tunability can

be balanced by changing the thickness ratio of Pd to Ag (see
Figure S4).

■ CONCLUSION

In the geometry-specific LSPR features of metal nanostructures,
simultaneous achievement of LSPR intensity and tunability was
realized using the dimer structures of Pd−Ag layered nanodots.
In this structure, creation of strongly interacting hybridized
plasmon modes enables the flexible tailoring of the LSPR
intensity, wavelength, and tunability. The formation of layered
structures does not affect hydrogen uptake into the Pd layers of
stacked nanodots; therefore, the optical properties and
hydrogen responsivity can be individually considered in the
layered system. Moreover, the layered system is much better for
use in the near-IR region. Actually, these advantages are not
limited to hydrogen-sensitive Pd, but are applicable to various
transition metals. For example, layered nanostructures of
plasmonic Au and magnetic Ni or Co may realize large
magneto-plasmonic responses.40 Achievement of multifunc-
tional plasmonic materials with strong resonances in the near-
IR region could lead to novel applications or devices in the
fields of sensing, spectroscopy, and photochemistry.

■ METHODS

The fabrication procedure of metal nanostructure arrays using
AR-NSL is illustrated in Figure 1a.31,32 First, a hexagonally
packed monolayer of 350 nm diameter polystyrene (PS) beads
was self-assembled on a glass substrate as a shadow mask for
vacuum evaporation. Double-angle evaporation of Ag or Pd was
then conducted through the shadow mask. The PS bead
monolayer was then removed to obtain regularly aligned metal
nanostructures on the substrate. The aspect ratio of each
nanostructure was adjusted by varying the evaporation angle
and the thickness of the evaporated metal films.
Optical transmission measurements of the nanostructure

arrays were performed from the top of the samples through a
gas-flow cell with transparent windows. The flow cell was filled
with N2 gas or H2−Ar mixed gas with a specific H2 partial
pressure under atmospheric pressure, which was continuously
provided from a gas cylinder. The temperature of the substrate
was controlled on a transparent thermoplate (MATS-1002RN,
Tokai Hit Co., Ltd.), which was utilized as one of the cell
windows. Equilibrium broadband spectra and transient spectral
variations for the arrays were measured using a UV/vis/NIR
spectrometer (V-670, Jasco) and a spectro multichannel
photodetector (MPD-311C, Otsuka Electronics), respectively.
Theoretical calculations of extinction spectra were conducted

using the finite-difference time-domain (FDTD) method
(FDTD Solutions, Lumerical Solutions, Inc.). In the calcu-
lation, the extinction cross sections for each nanostructure unit
were calculated and extinction spectra were then obtained with
the assumption that electromagnetic interactions between
nanostructure units were negligible. The dielectric functions
of Ag and Pd were obtained from the literature.39
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We show cyclic responses of LSPR in a Pd nanosystem for
hydrogen exposure, pressure−composition isotherms for the
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