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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 nanopatrticle 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 collectivaemotely following the optical response of the metal nano-
excitations of conduction electrons in a metal nanoparticle. particle during the process. In this letter, we introduce a novel
Their energy depends on the particle size, shape, andnanoplasmonic sensing scheme based on remote, real-time
dielectric (electronic) properties as well as on its dielectric detection of induced electronic and shape changes in a metal
environment. A number of applications based on LSPR have nanoparticle during the metahydride formation process.
been reported, and among them are surface enhanced Ramarhe LSPR of the nanoparticle is utilized as a signal
scattering;,* surface enhanced infrared absorption spectros- transducer for optical readout. With P&l as a model
copy; optical antenna$plasmonic waveguides? plasmon  system, it is demonstrated that methydride formation can
enhanced photovoltaicdeviééandnanoplasmonicbiosensbrs? be studied qualitatively and quantitatively. The approach

In the biosensing area, the potential use of plasmonic gjiows in situ studies of hydrogen uptake in small-volume
nanostructures as ultrasensitve detectors is based on tWQsmaII mass), nanoscale materials in a wide variety of
inherent properties of these structures, that is, their very high o5 tion environments.

sensitivity to changes of the refractive index of the medium

surrounding them and the short range of the associated optical1ere aims at characterizing metdlydride nanoparticle

field yieldi I i I .
leld yielding very small sensing volumes systems, highly relevant for hydrogen storage applications,

Other, more materials science related nanoplasmonic . . .
. ) : here reducing the dimensions of the metaydrogen
sensing schemes, for studying properties and processes of stem to the nanoregime is expected to significantly alter
interest on/in nanoparticle systems, have been only sparself y 9 P 9 y

addressed. Such schemes might comprise the characterizatioEOth sto_r age capacity and l_thake kinetCwe de monstrate
or the first time that the high spectral sensitivity of LSPR

of changes in the nanoparticle (crystalline) structure by ) ) .
to electronic and structural changes, occurring simultaneously

*To whom correspondence should be addressed. E-mail: christoph. in a nanoparticle upon h_)/_drOQen uptake or r_eleas_e, makes
langhammer@fy.chalmers.se. LSPR an extremely sensitive remote and noninvasive probe

The novel application of LSPR-based sensing presented
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for such studies. The PeH system is a very suitable model g
system to explore the potential of LSPR to study bulk
changes of a metal nanoparticle, since it is probably the most
well studied metathydride system with well-known PeH

phase diagrams, electronic structures, and related optical
properties for both the bulk metal and hydride pha8es.

In addition, we have recently shown the existence of (and —— Il
quantified) spectrally tunable LSPR in supported Pd nano- c
disks in the UV-vis/NIR spectral rangé front window
i L. . . |0 (o) I+ (@) .
The experiment was performed by monitoring, in extinc- > T
tion configuration, the LSPR response (peak position in window with s
wavelength and peak extinction) during hydrogen uptake and Pd disks
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! HCL is a fast parallel process, H_2'm_et} [pressure
making use of electrostatically self-assembled polystyrene | 99u%e |

(PS) beads as evaporation masks, suitable for fabrication of
large-areas X1 cn¥) covered by nanostructures, allowing

for easy spectroscopic and other studies. As the substrate,
fused silica was used to guarantee high UV transparency (UV d
grade K1540, Glassner Optronika GmbH, Austria). A scan-
ning electron microscopy (SEM) micrograph of a typically
obtained array of Pd nanodisks with diamdber= 300 nm

and an atomic force microscopy (AFM) scan of a single
nanodisk, before hydrogen charging, are shown in Figure
la 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 008 AR
between the particles; that is, the measured optical properties 800 1000 1200 1400 1600
reflect a single particle optical response (with a certain wavelength [nm]

amount of inhomogeneous broadening due to polydispersity
in the size distribution of the PS beads). Figure 1. SEM and AFM micrographs of Pd nanodisks and
. . . cﬁxperlmental setup. (a) SEM micrograph of a typical array of Pd
The disk diameters where chosen in such a way that, basehanodisks fabricated with the HCL method. (b) AFM micrograph
on previous H/Pd studi€8pulklike behavior can be expected  of a single Pd nanodiskX= 300 nm,h = 20 nm). (c) Schematic
(D > 150 nm). The optical extinction measurements were drawin_g of the experimental setup containing a stainless steel cell
carried out on a Varian Cary 500 spectrophotometer by for opfﬂcal measurements during hydrogen exposure. The cell has
laci h fabri d le i iallv desi dtwo windows, with one of them being the nanoparticle decorated
paqng the nanotabricated sample |r_1 a specia y €SIgN€dg pstrate. The cell is connected to a vacuum pump, a hydrogen
stainless-steel cell, where the rear window consisted of thegas source, and a capacitance manometer for an accurate absolute
substrate decorated with Pd nanodisks (Figure 1c). The cellpressure reading. (d) Series of measured extinction spectra for an
was connected to a vacuum pump and a hydrogen gas sourcfiy & JERCERECL L SO L B T ered afer the
. : i y ures. um wi u
(5N purity), as well as to a Cap?C't_ance manometer for intensity and peak position had stabilized at the new pressure. The
accurate abSO|the pressure mOﬂItOI’Ing P”Or to the fII’St spectra were measured in the |pr.tessure(i_phase) range (red
hydrogen charging cycle, the particle surfaces were catalyti- and orange solid lines), around plateau pressure (black dotted and
cally cleaned to remove hydrocarbon residues from the dashed lines), and at high;tpressures (blue and turquoise solid
fabrication process by exposure to oxygen (50 Torr) at 80 lines). A significant peak red-shift and _peak broadening as well as
o . . a decrease of the total cross section upon hydrogen uptake
C followed by a reduction step injt#at room temperature. (increasing pressure) are observed.

After this cleaning step, the system was evacuated for 2 h

to remove all remaining hydrogen before starting an experi- By systematically recording optical extinction spectra for
ment. A distinct shift of the LSPR peak position and a change increasing and decreasing, lgressures, covering the-,

in the extinction cross section were detected as the hydrogenu+4-, andB-phase ranges (see Figure 2 and associated figure
content changed (Figure 1d) and were correlated with caption for details of the H/Pd phase diagram), it becomes
independent gravimetric measurements of hydrogen uptakepossible to construct “isotherms” from the plasmonic re-
and release obtained by Frazier etZal. sponse. In Figure 3a and b, such plasmonic isotherm plots

pressure
[torr]

0.16 |

0.14

012

absorbance = -log(1-exlinclion)

0.1 E D=300 nm

K
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a the observed changes Bf..x andAmax are again very small,
Metal as expected for thg-phase region.

When reversing the process and discharging hydrogen

o &I [e] from Pd, by pumping out the hydrogen from the chamber,

the same (but reversed) qualitative behavior is found for both

N | ..°---; =1 =F=F =] » Difiusion Emax @and Amax and the system exhibits a strong pressure
I jr- °) | hysteresis, which is well-known in metahydride sys-

[ | _]- tems?%2’ The plateau pressure for discharging lies at 7.5 Torr,

%
4
]
o]

Dissoiative also in excellent agreement with the literature vaftid/hen
adsorption removing all hydrogen from the system, it turns out tBaf«
is slightly higher andimaxis slightly blue-shifted as compared
b to the starting values at zero hydrogen pressure (the origin
Py, 4 TSTAT, of this shift will be discussed below).

Te The same experiments were carried out also with an array
SN T of larger Pd nanodisksD( = 300 nm,h = 20 nm, T =

P Y 22°C). The results are shown in Figure ¥ty and Figure
a % 3d (lmay). These results are qualitatively and quantitatively
: / Ts very similar to those for the 190 nm disks. The agreement

a+f8 Y\ . . , . .

with Sievert's law for low H pressures is again very good.

/" \ B The plateau pressures for charging and discharging lie, as
P for D = 190 nm, at 18 and 7.5 Torr, respectively. Again,

" when removing all hydrogen from the systefaaxis slightly
Figure 2. Hydrogen uptake in Pd ang—C isotherms. (a)  larger andimax is slightly blue-shifted as compared to the
Hydrogen uptake in Pd is a complicated process that can be sepainitial values at zero pressure. This is attributed to irreversible
rated into several elementary steps. In the initial stage, dissociativestructural changes in the nanodisks, as observed in the SEM
adsorption is followed by hydrogen atom diffusion into the lattice, micrographs: Parts e and f of Figure 3 show, respectively,

where atomic hydrogen is localized on the interstitial sites of the . . . o
host metal lattice. This leads to a significant increase of the lattice SEM pictures of a single Pd nanodisk & 300 nm,h =

constant in the hydrided metal system. (b) The thermodynamic 20 nm) directly after fabrication and after four cycles of
aspects of metalhydride formation from gaseous hydrogen can hydrogen charging and discharging. Clearly, the disk is

be described by pressureomposition p—C) isotherms. Initially,  fragmenting around its edges when exposed to hydrogen,
the host metal dissolves some hydrogen in a solid solutien ( leading to a change of the disk diameter and shape. These

phase). Upon further pressure increase, the interactions betweent tural ch hich 1k for hvdride f
the dissolved hydrogen atoms lead to the nucleation and growth of,S ructural changes, which are well-known for hydride rorm-

the hydride g) phase. In the coexistence region of thehase ing metal§®?”and are due to hydrogen induced expansion

and -phase, the isotherm shows a plateau (that is strongly contraction and associated crack formation, manifest them-
temperature dependent), the width of which determines the amountse|ves as a LSPR spectral shift and a change of extinction
of H, that can be stored reversibly with very little pressure variation. in the optical response. The observed blue-shift after each

At even higher hydrogen concentrations, in the piighase, large . . .
H, pressure changes yield small concentration changes. The two-hydrCJgen cycle can be attributed to a decreasing disk

phase region ends at a critical poify, above which the transition ~ diameter upon disintegration along the particle edgékte
from the a-phase to thg8-phase is continuous. that these structurally induced changes of the LSPR are small

compared to the spectral shifts in the mixedt3-phase.

are presented using the measured extinction coefficient at Based on the known temperature dependence for the

LSPR maximumEnay, and the LSPR spectral peak position, Pd—H system p—C—T diagran#), one expects an upward

Amax as functions of Hpressure for an array of Pd nanodisks shift of the plateau pressure for increasing temperature. In

(D =190 nm,h =20 nm, T = 22 °C). Figure 3g, we show fragments of two different isotherms,
The obtained curves for bofnaxandima upon hydrogen taken at 25 and 80C, for Pd disks withD = 190 nm and

uptake vary in a way that very much resembles the typical h = 20 nm during hydrogen uptake. A clear increase of the

pressure-concentration f—C) isotherms for the PeH plateau pressure from 18 Torr (at 26) to 120 Torr (at

systen®® Very small changes iEmax andAmax Occur at low 80 °C) and a shift in the “onset” of the+3-phase region

H, pressures, and both parameters scale with theréssure,  are observed. Observe that, instead of the absolute peak

following Sievert's lavi® in the a-phase region (see insets pPOsition, imax the relative peak shift\Mmax is used, since

in Figure 3a and b). the measurements were done on two different samples (with
In contrast, drastic changes occur in b@&hux and Amax the same disk geometry) to eliminate the irreversible shape

for a hydrogen pressure between 17 and 19 Torr, and thechange effects as discussed above. The measured plateau

system shows a plateau, as expected for dHg8-phase pressure at 80C is in excellent agreement with the value

coexistence region. The found plateau pressure of about 18'eported by Frazier et. &.The same behavior is found for

Torr is in excellent agreement with values reported in the the extinction signaEmax (not shown).

literature for the Pe&tH system measured, for example, for For further quantification of the obtained resulfs;C

thin Pd films32 Upon further increase of theHpressure, isotherms have been constructed from the optical data based
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Figure 3. p—Emaxandp—Amaxisotherms and SEM micrographs of nanodisks pfalEmax isotherms for hydrogen uptake and release in Pd
nanodisks wittD = 190 nm anch = 20 nm at room temperature. Sievert’s law is obeyed inotfphase region (inset). Hysteresis between
loading (red triangles) and unloading (inverted blue triangles) is seen in the plateau regjpni ) isotherms for hydrogen uptake and
release in Pd nanodisks with = 190 nm anch = 20 nm at room temperature. Sievert’s law is obeyed inotfghase 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 anch = 20. (d) Same as (b) but for nanodisks widh= 300 nm anch = 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 naboelisk (

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 take(red 2fangles)

and 80°C (black triangles) for Pd disks with = 190 nm anch = 20 nm during hydrogen uptake. A clear increase of the plateau pressure
from 18 to 120 Torr and a shift in the “onset” of tleet-5-phase region are observed. In this panel, instead of the absolute peak position,
Amax the relative peak shifidlmax, 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 ¢ligsgiagging cycles.

on a model with the following assumptions (note that, in  The resulting calculategp—C isotherms for hydrogen
principle, the first assumption (i) has no other rationalization charging (the calculations for the discharging cycle yielded
than being the simplest one to try): (i) The spectral LSPR similar results, but they are not shown here) of 190 and
shift as well as the change in extinction are assumed to be300 nm Pd disks are shown in Figure 4. For both disk sizes,
a linear function of the hydrogen, and (ii) the stoichiometry the H/Pd ratio was calculated as a function of plessure

for the fully hydrided system at high Horessure in the  based on the measured changesBEpx and Amax. FOr
B-phase is assumed to be RgdiHas suggested for the bulk  comparison, thep—C isotherm measured for a 280 nm Pd
Pd—H system by Schlapbach et&With these assumptions, film by Frazier and Glossé&twith a quartz crystal microbal-

it is then possible to make a linear extrapolation toward ance is also included in the figure. In thephase region,
infinite hydrogen pressure {@/— 0) of the measured the agreement between the LSPR isotherms and the thin film
plasmonic response in thiephase to obtain a peak shiftand data is very good for both disk diameters and also the
extinction change per unit hydrogen content in the system. composition at the starting point of the plateau is well

Nano Lett., Vol. 7, No. 10, 2007 3125
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Figure 4. p—Cisotherms for hydrogen loading. ()-C isotherms

for hydrogen loading calculated from the plasmonic response
parameter&nax (blue triangles) andna (green inverted triangles)
for Pd nanodisks wit® = 190 nm anch = 20 nm and isotherm
for literature data for a 280 nm Pd film (red tilted squares) for
comparisort3 (b) Same as (a) but for nanodisks with= 300 nm
andh = 20 nm. Excellent agreement in thephase and the+(-

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 fhhase that directly
influence the LSPR response, as described abeifaVe

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 hano- 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 boundariés®For real nanoscopic
systems? effects to be addressed may include dilated lattices
for small cluster® 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
o-phase’?4142 as well as to a drastic narrowing of the

phase region is obtained, and the width of the plateau is also very miscibility gap in thea+3-phase coexistence regiéit3In

well represented.

addition, uptake and release kinetics at different temperatures,
expected to be significantly faster in nanopatrticle systems

reproduced. The width of the plateau obtained from the LSPR e to a reduced characteristic hydrogen diffusion length,

response is in very good agreement with the thin film data.
The LSPR baseg—C isotherms for both disk sizes start to
deviate from the thin film gravimetric data in thephase
region, both in terms of the curve trends and maximal H/Pd
ratio. One reason for the latter is easily identified as being

can easily be studied with the presented nanoplasmonic
sensing scheme. The fact that this method also can be applied
to other metat-hydride systems, makes it truly versatile.
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