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ABSTRACT

A novel nanoplasmonic sensing scheme is introduced based on remote real-time detection of induced electronic and shape/structural changes
in a metal nanoparticle during the metal −hydride formation process. The localized surface plasmon resonance (LSPR) of the nanoparticle is
utilized as signal transducer for optical readout. As a model system, hydrogen storage through metal −hydride formation is studied in Pd
nanodisks. The experimentally obtained plasmonic response to hydrogen uptake yields pressure −LSPR-response isotherms. These isotherms
are found to obey Sievert’s law in the low-pressure range and exhibit a characteristic “plateau” at 18 Torr upon hydrogen charging and 7.5
Torr upon hydrogen discharging. An additional experiment also clearly shows the typical temperature dependence of the plateau pressure.
Conversion of the LSPR signal to absolute hydrogen concentration, based on a proposed linear dependence of the LSPR response to hydrogen
uptake, results in p−C isotherms in excellent agreement with those in the literature. This puts forward that the LSPR response is an extremely
sensitive, remote, and real-time probe for “bulk” changes in a metal nanoparticle and can readily be used to study processes such as metal −
hydride formation for hydrogen storage applications, alloying on the nanoscale, thermal reshaping, and so forth.

Localized surface plasmon resonances (LSPRs) are collective
excitations of conduction electrons in a metal nanoparticle.
Their energy depends on the particle size, shape, and
dielectric (electronic) properties as well as on its dielectric
environment.1 A number of applications based on LSPR have
been reported, and among them are surface enhanced Raman
scattering,2-4 surface enhanced infrared absorption spectros-
copy,5 optical antennas,6 plasmonic waveguides,7-9 plasmon
enhancedphotovoltaicdevices,10andnanoplasmonicbiosensors.11-23

In the biosensing area, the potential use of plasmonic
nanostructures as ultrasensitve detectors is based on two
inherent properties of these structures, that is, their very high
sensitivity to changes of the refractive index of the medium
surrounding them and the short range of the associated optical
field yielding very small sensing volumes.

Other, more materials science related nanoplasmonic
sensing schemes, for studying properties and processes of
interest on/in nanoparticle systems, have been only sparsely
addressed. Such schemes might comprise the characterization
of changes in the nanoparticle (crystalline) structure by

remotely following the optical response of the metal nano-
particle during the process. In this letter, we introduce a novel
nanoplasmonic sensing scheme based on remote, real-time
detection of induced electronic and shape changes in a metal
nanoparticle during the metal-hydride formation process.
The LSPR of the nanoparticle is utilized as a signal
transducer for optical readout. With Pd-H as a model
system, it is demonstrated that metal-hydride formation can
be studied qualitatively and quantitatively. The approach
allows in situ studies of hydrogen uptake in small-volume
(small mass), nanoscale materials in a wide variety of
reaction environments.

The novel application of LSPR-based sensing presented
here aims at characterizing metal-hydride nanoparticle
systems, highly relevant for hydrogen storage applications,
where reducing the dimensions of the metal-hydrogen
system to the nanoregime is expected to significantly alter
both storage capacity and uptake kinetics.24 We demonstrate
for the first time that the high spectral sensitivity of LSPR
to electronic and structural changes, occurring simultaneously
in a nanoparticle upon hydrogen uptake or release, makes
LSPR an extremely sensitive remote and noninvasive probe
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for such studies. The Pd-H system is a very suitable model
system to explore the potential of LSPR to study bulk
changes of a metal nanoparticle, since it is probably the most
well studied metal-hydride system with well-known Pd-H
phase diagrams, electronic structures, and related optical
properties for both the bulk metal and hydride phases.25-30

In addition, we have recently shown the existence of (and
quantified) spectrally tunable LSPR in supported Pd nano-
disks in the UV-vis/NIR spectral range.31

The experiment was performed by monitoring, in extinc-
tion configuration, the LSPR response (peak position in
wavelength and peak extinction) during hydrogen uptake and
release from nanofabricated arrays of Pd nanodisks supported
on a transparent substrate (Figure 1a and b). The supported
Pd nanodisks were fabricated by the hole-mask colloidal
lithography (HCL) method.31 HCL is a fast parallel process,
making use of electrostatically self-assembled polystyrene
(PS) beads as evaporation masks, suitable for fabrication of
large-areas (>1 cm2) covered by nanostructures, allowing
for easy spectroscopic and other studies. As the substrate,
fused silica was used to guarantee high UV transparency (UV
grade K1540, Glassner Optronika GmbH, Austria). A scan-
ning electron microscopy (SEM) micrograph of a typically
obtained array of Pd nanodisks with diameterD ) 300 nm
and an atomic force microscopy (AFM) scan of a single
nanodisk, before hydrogen charging, are shown in Figure
1a and b, respectively. The obtained nanodisk arrays are
characterized by a small variation of particle size and
interparticle distance and lack long range order. This
arrangement combined with a sufficiently large particle-
particle separation (typically larger than two disk diameters,
see Figure 1a) eliminates both far and near field coupling
between the particles; that is, the measured optical properties
reflect a single particle optical response (with a certain
amount of inhomogeneous broadening due to polydispersity
in the size distribution of the PS beads).

The disk diameters where chosen in such a way that, based
on previous H/Pd studies,32 bulklike behavior can be expected
(D > 150 nm). The optical extinction measurements were
carried out on a Varian Cary 500 spectrophotometer by
placing the nanofabricated sample in a specially designed
stainless-steel cell, where the rear window consisted of the
substrate decorated with Pd nanodisks (Figure 1c). The cell
was connected to a vacuum pump and a hydrogen gas source
(5N purity), as well as to a capacitance manometer for
accurate absolute pressure monitoring. Prior to the first
hydrogen charging cycle, the particle surfaces were catalyti-
cally cleaned to remove hydrocarbon residues from the
fabrication process by exposure to oxygen (50 Torr) at 80
°C followed by a reduction step in H2 at room temperature.
After this cleaning step, the system was evacuated for 2 h
to remove all remaining hydrogen before starting an experi-
ment. A distinct shift of the LSPR peak position and a change
in the extinction cross section were detected as the hydrogen
content changed (Figure 1d) and were correlated with
independent gravimetric measurements of hydrogen uptake
and release obtained by Frazier et al.33

By systematically recording optical extinction spectra for
increasing and decreasing H2 pressures, covering theR-,
R+â-, andâ-phase ranges (see Figure 2 and associated figure
caption for details of the H/Pd phase diagram), it becomes
possible to construct “isotherms” from the plasmonic re-
sponse. In Figure 3a and b, such plasmonic isotherm plots

Figure 1. SEM and AFM micrographs of Pd nanodisks and
experimental setup. (a) SEM micrograph of a typical array of Pd
nanodisks fabricated with the HCL method. (b) AFM micrograph
of a single Pd nanodisk (D ) 300 nm,h ) 20 nm). (c) Schematic
drawing of the experimental setup containing a stainless steel cell
for optical measurements during hydrogen exposure. The cell has
two windows, with one of them being the nanoparticle decorated
substrate. The cell is connected to a vacuum pump, a hydrogen
gas source, and a capacitance manometer for an accurate absolute
pressure reading. (d) Series of measured extinction spectra for an
array of nanodisks (D ) 300 nm,h ) 20 nm) for successively
higher hydrogen pressures. Each spectrum was measured after the
intensity and peak position had stabilized at the new pressure. The
spectra were measured in the low H2 pressure (R-phase) range (red
and orange solid lines), around plateau pressure (black dotted and
dashed lines), and at high H2 pressures (blue and turquoise solid
lines). A significant peak red-shift and peak broadening as well as
a decrease of the total cross section upon hydrogen uptake
(increasing pressure) are observed.
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are presented using the measured extinction coefficient at
LSPR maximum,Emax, and the LSPR spectral peak position,
λmax, as functions of H2 pressure for an array of Pd nanodisks
(D ) 190 nm,h ) 20 nm,T ) 22 °C).

The obtained curves for bothEmax andλmax upon hydrogen
uptake vary in a way that very much resembles the typical
pressure-concentration (p-C) isotherms for the Pd-H
system.25 Very small changes inEmax andλmax occur at low
H2 pressures, and both parameters scale with the H2 pressure,
following Sievert’s law26 in the R-phase region (see insets
in Figure 3a and b).

In contrast, drastic changes occur in bothEmax and λmax

for a hydrogen pressure between 17 and 19 Torr, and the
system shows a plateau, as expected for theR+â-phase
coexistence region. The found plateau pressure of about 18
Torr is in excellent agreement with values reported in the
literature for the Pd-H system measured, for example, for
thin Pd films.33 Upon further increase of the H2 pressure,

the observed changes ofEmax andλmax are again very small,
as expected for theâ-phase region.

When reversing the process and discharging hydrogen
from Pd, by pumping out the hydrogen from the chamber,
the same (but reversed) qualitative behavior is found for both
Emax and λmax and the system exhibits a strong pressure
hysteresis, which is well-known in metal-hydride sys-
tems.26,27The plateau pressure for discharging lies at 7.5 Torr,
also in excellent agreement with the literature value.33 When
removing all hydrogen from the system, it turns out thatEmax

is slightly higher andλmax is slightly blue-shifted as compared
to the starting values at zero hydrogen pressure (the origin
of this shift will be discussed below).

The same experiments were carried out also with an array
of larger Pd nanodisks (D ) 300 nm,h ) 20 nm, T )
22 °C). The results are shown in Figure 3c (Emax) and Figure
3d (λmax). These results are qualitatively and quantitatively
very similar to those for the 190 nm disks. The agreement
with Sievert’s law for low H2 pressures is again very good.
The plateau pressures for charging and discharging lie, as
for D ) 190 nm, at 18 and 7.5 Torr, respectively. Again,
when removing all hydrogen from the system,Emax is slightly
larger andλmax is slightly blue-shifted as compared to the
initial values at zero pressure. This is attributed to irreversible
structural changes in the nanodisks, as observed in the SEM
micrographs: Parts e and f of Figure 3 show, respectively,
SEM pictures of a single Pd nanodisk (D ) 300 nm,h )
20 nm) directly after fabrication and after four cycles of
hydrogen charging and discharging. Clearly, the disk is
fragmenting around its edges when exposed to hydrogen,
leading to a change of the disk diameter and shape. These
structural changes, which are well-known for hydride form-
ing metals26,27and are due to hydrogen induced expansion-
contraction and associated crack formation, manifest them-
selves as a LSPR spectral shift and a change of extinction
in the optical response. The observed blue-shift after each
hydrogen cycle can be attributed to a decreasing disk
diameter upon disintegration along the particle edges.31 Note
that these structurally induced changes of the LSPR are small
compared to the spectral shifts in the mixedR+â-phase.

Based on the known temperature dependence for the
Pd-H system (p-C-T diagram25), one expects an upward
shift of the plateau pressure for increasing temperature. In
Figure 3g, we show fragments of two different isotherms,
taken at 25 and 80°C, for Pd disks withD ) 190 nm and
h ) 20 nm during hydrogen uptake. A clear increase of the
plateau pressure from 18 Torr (at 25°C) to 120 Torr (at
80 °C) and a shift in the “onset” of theR+â-phase region
are observed. Observe that, instead of the absolute peak
position,λmax, the relative peak shift,∆λmax, is used, since
the measurements were done on two different samples (with
the same disk geometry) to eliminate the irreversible shape
change effects as discussed above. The measured plateau
pressure at 80°C is in excellent agreement with the value
reported by Frazier et. al.33 The same behavior is found for
the extinction signalEmax (not shown).

For further quantification of the obtained results,p-C
isotherms have been constructed from the optical data based

Figure 2. Hydrogen uptake in Pd andp-C isotherms. (a)
Hydrogen uptake in Pd is a complicated process that can be sepa-
rated into several elementary steps. In the initial stage, dissociative
adsorption is followed by hydrogen atom diffusion into the lattice,
where atomic hydrogen is localized on the interstitial sites of the
host metal lattice. This leads to a significant increase of the lattice
constant in the hydrided metal system. (b) The thermodynamic
aspects of metal-hydride formation from gaseous hydrogen can
be described by pressure-composition (p-C) isotherms. Initially,
the host metal dissolves some hydrogen in a solid solution (R-
phase). Upon further pressure increase, the interactions between
the dissolved hydrogen atoms lead to the nucleation and growth of
the hydride (â) phase. In the coexistence region of theR-phase
and â-phase, the isotherm shows a plateau (that is strongly
temperature dependent), the width of which determines the amount
of H2 that can be stored reversibly with very little pressure variation.
At even higher hydrogen concentrations, in the pureâ-phase, large
H2 pressure changes yield small concentration changes. The two-
phase region ends at a critical pointTC, above which the transition
from theR-phase to theâ-phase is continuous.
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on a model with the following assumptions (note that, in
principle, the first assumption (i) has no other rationalization
than being the simplest one to try): (i) The spectral LSPR
shift as well as the change in extinction are assumed to be
a linear function of the hydrogen, and (ii) the stoichiometry
for the fully hydrided system at high H2 pressure in the
â-phase is assumed to be PdH0.6, as suggested for the bulk
Pd-H system by Schlapbach et al.26 With these assumptions,
it is then possible to make a linear extrapolation toward
infinite hydrogen pressure (1/p f 0) of the measured
plasmonic response in theâ-phase to obtain a peak shift and
extinction change per unit hydrogen content in the system.

The resulting calculatedp-C isotherms for hydrogen
charging (the calculations for the discharging cycle yielded
similar results, but they are not shown here) of 190 and
300 nm Pd disks are shown in Figure 4. For both disk sizes,
the H/Pd ratio was calculated as a function of H2 pressure
based on the measured changes inEmax and λmax. For
comparison, thep-C isotherm measured for a 280 nm Pd
film by Frazier and Glosser33 with a quartz crystal microbal-
ance is also included in the figure. In theR-phase region,
the agreement between the LSPR isotherms and the thin film
data is very good for both disk diameters and also the
composition at the starting point of the plateau is well

Figure 3. p-Emax andp-λmax isotherms and SEM micrographs of nanodisks. (a)p-Emax isotherms for hydrogen uptake and release in Pd
nanodisks withD ) 190 nm andh ) 20 nm at room temperature. Sievert’s law is obeyed in theR-phase region (inset). Hysteresis between
loading (red triangles) and unloading (inverted blue triangles) is seen in the plateau region. (b)p-λmax isotherms for hydrogen uptake and
release in Pd nanodisks withD ) 190 nm andh ) 20 nm at room temperature. Sievert’s law is obeyed in theR-phase region (inset), and
hysteresis between loading (red triangles) and unloading (inverted blue triangles) is seen around the plateau. (c) Same as (a) but for nanodisks
with D ) 300 nm andh ) 20. (d) Same as (b) but for nanodisks withD ) 300 nm andh ) 20. (e) SEM micrograph of a single Pd nanodisk
(D ) 300 nm,h ) 20) after fabrication and before the first exposure to hydrogen. (f) SEM micrograph of a single Pd nanodisk (D )
300 nm,h ) 20) after 4 cycles of hydrogen loading and unloading to a maximal pressure of 200 Torr. The disk starts to disintegrate around
its edges due to the hydrogen induced high stresses in the system. (g) Fragments of two different isotherms taken at 25°C (red triangles)
and 80°C (black triangles) for Pd disks withD ) 190 nm andh ) 20 nm during hydrogen uptake. A clear increase of the plateau pressure
from 18 to 120 Torr and a shift in the “onset” of theR+â-phase region are observed. In this panel, instead of the absolute peak position,
λmax, the relative peak shift,∆λmax, was used, since the measurements were done on two different samples (with the same disk geometry)
to eliminate the irreversible shape change effects (as shown in (e) and (f)) occurring after hydrogen charging-discharging cycles.
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reproduced. The width of the plateau obtained from the LSPR
response is in very good agreement with the thin film data.
The LSPR basedp-C isotherms for both disk sizes start to
deviate from the thin film gravimetric data in theâ-phase
region, both in terms of the curve trends and maximal H/Pd
ratio. One reason for the latter is easily identified as being
due to the assumed maximal H/Pd ratio of 0.6 and the fact
that, for the thin film case reported by Frazier and Glosser,33

H/Pd ratios larger than 0.6 are observed. Several reasons
might account for the observed difference in the curve trends
in theâ-phase region, with one of them being related to the
fact that, in the case of the disks, the system is 1 order of
magnitude thinner than that of the Pd film used as reference.
Film thickness effects have been seen in another study by
Frazier and Glosser34 when reducing the Pd film thickness
to less than 280 nm. Their observation was explained by an
increasing importance of a “substrate effect” for thin films,
caused by induced strain and reduced lattice expansion upon

hydrogen uptake due to the rigid attachment of the film to
the substrate surface. Another reason can possibly be found
in the structural changes occurring in theâ-phase that directly
influence the LSPR response, as described above.35,36 We
also note that the assumption of a linear relation between
the observed spectral changes and hydrogen content is so
far only an assumption, which needs to be addressed in future
work, and may contribute to the deviations between the
gravimetric and spectral data.

In conclusion, we have obtained highly interesting results
that illustrate how LSPR can be used for real-time, nonin-
vasive, and remote detection and quantification of bulk
changes, at varying temperatures, in metal nanoparticles. This
sensing principle is, primarily, based on monitoring hydrogen
induced electronic changes in the system with the LSPR as
a “signal transducer”. Parallel structural changes in the
system, however, also contribute to the observed optical
response in our case. The capability of the presented
approach to address both bulklike systems (by using suf-
ficiently large particles (a few hundred nanometers)) and
mesoscopic/nanoscopic systems by using sufficiently small
particles makes it truly versatile. The kinetic and thermo-
dynamic aspects of hydrogen storage in nano- and mesos-
copic size particles are highly relevant for energy technology
applications. Since great expectations are associated with a
reduction of the size of the storage entities to the nanometer
regime, a characterization method tailored for studying nano-
particle systems, as presented in this work, is highly useful.
Some of the effects to be addressed in the future may be
related to phenomena such as, for example, nanocrystalline
bulk metal systems showing better charging and discharging
kinetics due to the small grain size and faster hydrogen
diffusion along the grain boundaries.37,38For real nanoscopic
systems,39 effects to be addressed may include dilated lattices
for small clusters40 and the availability of subsurface sites
in addition to the regular interstitial octahedral sites in the
bulk Pd lattice leading to higher hydrogen solubility in the
R-phase,32,41,42 as well as to a drastic narrowing of the
miscibility gap in theR+â-phase coexistence region.40,43 In
addition, uptake and release kinetics at different temperatures,
expected to be significantly faster in nanoparticle systems
due to a reduced characteristic hydrogen diffusion length,
can easily be studied with the presented nanoplasmonic
sensing scheme. The fact that this method also can be applied
to other metal-hydride systems, makes it truly versatile.
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