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Abstract

We study theoretically the optical properties of Palladium nanodisks during Hydrogen up-

take. A combination of an ab initio quantum mechanical description of the Pd-H dielectric

properties and a full electrodynamical study of light scattering in theH-modified Pd nanodisks

allows us to trace the shift of the localized surface plasmon as a function of the H concentration

in the Pd-H disk. We follow the evolution of the plasmon peak energy for different admixtures

of the Pd-H α and β phases and interpret quantitatively the experimental sensitivity of the
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plasmon energy shift to the structural inhomogeneity upon H absorption. Our multiscale the-

oretical framework provides a solid background for plasmonic sensing of structural domains,

as well as for identifying H saturation conditions in metal-hydride systems.
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Localized surface plasmon resonances (LSPRs) are collective excitations of conduction elec-

trons in finite metallic structures. In nanometer-size systems, LSPRs appear at well-defined ener-

gies that depend on size and shape, as well as on the material itself.1,2 The resonance energy can be

also very sensitive to the external environment, making LSPRs a phenomenon extremely attractive

for biological and chemical sensing. Standard sensing schemes are usually based on the LSPR

shift produced when the nanoparticles are embedded in a given chemical environment.3 With the

help of plasmon-based strong local-field enhancements, sensing of very small amounts of H2 has

been recently achieved.4 Chemical modifications within a nanosystem can also be monitored in

real time through shifts in the LSPR position.5–7

A quite different and promising outlook in the context of plasmon-sensing is the possibility to

oversee the change not only in chemical but also in physical properties, such as structural param-

eters.5 Direct nanoplasmonic sensing has proven to be remarkably successful, for instance, in the
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study of Hydrogen absorption by Pd nanoparticles.5,6,8,9 Adsorption, absorption and diffusion of

H in Pd systems are processes of major importance in a variety of technologically relevant appli-

cations. In nanocatalysis for instance, subsurface H atoms substantially increase the efficiency of

Pd nanoparticles in the hydrogenation of organic molecules.10 Perfect absorption of visible radi-

ation by Pd nanostructures has been recently explored in the design of novel 2 sensors.11 In fuel

applications, metal hydrides are also recognized as an efficient and safe mean for H storage in

solid form.12–15 Since better absorption and desorption kinetics of metallic nanoparticles offers

faster storage and release of Hydrogen,16–19 real time plasmonic sensing of the absorption and

desorption of Hydrogen in Pd nanoparticles becomes a unique tool to obtain understanding of the

metal hydride formation process and to improve the capabilities of existing Hydrogen storage and

sensing devices.

An accurate interpretation of the experimental trace of Hydrogen uptake in Pd requires a the-

oretical framework that accounts for the changes in the optical properties of the material as it is

structurally modified by the progressive presence of H. The description of the optical properties of

the H-Pd system is not a simple task due to (i) the presence of different phases that H can adopt

when absorbed in Pd (α and β phases) and (ii) the different length-scales involved in the Hydro-

gen uptake process requiring a multiscale approach, i.e., an accurate description of the quantum-

mechanical effects associated with structural changes at the atomic scale together with a detailed

description of the nanoscale where size, shape and environment affects the optical response of the

whole mesoscopic system.

Here we provide a theoretical framework to address the optical response of the mixed-phase

Hydrogen uptake in Pd nanodisks where we combine two different state-of-the-art methodologies

to tackle both the atomic scale structure of Pd-H and the mesoscopic scale response of the Pd-H

disk. Furthermore, an appropriate effective medium dielectric response to address the mixed-

phase nature of the Hydrogen uptake is also considered. To address the atomic-scale effect of

the H difussion in Pd we employ the dielectric function of different Pd-H stoichiometric mixtures

obtained by means of ab initio calculations based on time-dependent density functional theory
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(TDDFT).20,21 In a second step, classical electrodynamical calculations of the optical response of

the Pd-H nanodisks is performed using the boundary element method (BEM)22 to account for size,

shape and environment effects. Finally, to account for the double phase of the Pd-H system, we

adopt a dielectric response based on a Bruggeman’s effective medium that goes beyond the simple

averaged response of the α (pure Pd domain) and β (Pd-H domain) phases. Comparing our results

with recent experimental measurements of LSPR shifts in hydrogenized Pd nanosystems,23 we

identify the structural parameters that better adjust to the spectroscopic output. We thus show that

LSPR sensing is not only an excellent tool to monitor H content in metal nanosystems but also

a promising candidate to quantitatively determine structural changes and domain distributions in

dynamical process.

A sensitive benchmark in the theoretical description of Hydrogen uptake in Pd is the evolution

of the plasmon peak energy when H is absorbed. Ab-initio TDDFT-based calculations24 of the the

dielectric optical response of bulk stoichiometric homogeneous PdHx, for different x=H/Pd ratios

showing an homogeneous distribution of H atoms in the lattice, are shown in Fig.1(b). These calcu-

lations show that the bulk plasmon energy ωp of PdHx shifts to lower energies almost linearly6,24

with H concentration x, from 7.78 eV in pure Pd to 4.25 eV in PdH.20 The unit cells of the crystal

lattices of pure Pd (PdHx=0) and of Pd with H showing a 1:1 stoichiometry (PdHx=1) used in these

ab initio calculations are illustrated in Fig. 1(a). Absorption of H by a metal causes expansion

of the lattice25–27 and a change in the dielectric response.28 The lattice parameters for each PdHx

system with different H concentration x have been obtained from total energy calculations and the

values have been found to be close to experimental data.29 On the other hand, the internal relax-

ation of the Pd atoms around H atom positions30 for ratios x 6= 1 can be neglected because of the

weak influence of this effect on the optical properties.

In Pd nanostructures, a linear shift of the LSPR peak energy when increasing H concentration

has been also measured, although the energy range is quite different from that in bulk.6 To ac-

count for this difference, we proceed to perform full electrodynamical calculation of the extinction

cross section for PdHx disks by solving Maxwell’s equations, in which we plug the ab initio bulk
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dielectric function and the appropriate boundary conditions. To illustrate the profound effect that

the morphological aspect of the PdHx disks as well as the dielectric environment produce on the

plasmonic response of the stoichiometric PdHx systems, we first show in Fig. 2(a), the resonance

energy for different geometries of mesoscopic PdHx structures as a function of H concentration x.

We display the plasmonic resonance energies of PdHx systems for (i) the bulk, (ii) the surface, and

(iii) the dipolar LSPR in a spherical particle in the electrostatic limit when using the correspond-

ing ab initio bulk dielectric functions. The bulk plasmon energy is obtained from the position of

the peak in the loss function (Fig. 1(b)). As mentioned before, the bulk plasmon energy of PdHx

linearly shifts with x but always remains in the UV range, even for a fully hydrogenated PdHx=1

stoichiometry. The surface response of the vacuum-PdHx interface is determined by the surface

response function defined as Im{(εPdHx−1)/(εPdHx +1)}, where εPdHx is the dielectric fuction of

PdHx for different amounts of H, which presents a pole when εPdHx +1 = 0. The energy position

of this pole evaluated with the ab initio dielectric function εPdHx in Fig. 1(b) is displayed as green

squares in Fig. 2(a). The energies of these surface plasmons are slightly shifted to the red com-

pared with the bulk resonances, with a quite constant shift for all H concentrations (slightly less

than about 1 eV). Hence the surface plasmon energies of all H concentrations are also in the UV.

The dipolar plasmon position of the metallic nanoparticle given by Im{(εPdHx − 1)/(εPdHx + 2)}

presents the resonance for εPdHx +2 = 0. These solutions are displayed in Fig. 2(a) as blue squares.

An additional shift is found in this case, bringing energies of the LSPR to a range between 6 eV

for the pure Pd spherical particle and 2.5 eV for a sphere with equal number of H and Pd atoms

(PdHx=1).

We also perform full electrodynamical calculations of the extinction cross section of isolated

PdHx disks, as a function of the H/Pd ratio. The use of Pd disks is an effective way to lower

the energy of the LSPR in the particles due to the coupling of the top and bottom surfaces of

the disk that produces an extra redshift in the optical response.31 The redshift resulting from the

intraparticle coupling in the disks brings the LSPR energy to the visible region for a 20 nm thick

disk of diameter 190 nm. For an isolated disk, the LSPR runs from 2.2 eV for pure Pd to 1.6 eV
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for PdHx=1, represented by black squares in Fig. 2(a). Additionally, the deposition of the disk on a

substrate causes a further reduction in the LSPR energy. The LSPR position is represented in this

case as pink squares in Fig. 2(a) showing that the interaction with the substrate causes a reduction

in LSPR energy of the disk by approximately 0.5 eV for all H concentrations. The LSPR position

can be further tuned by varying the size of the disk. To reveal this, we implement electrodynamical

calculations for pure Pd disks supported on SiO2 (Fig. 2(b)) as a function of disk size. This outlines

the effect in the position of the localized surface plasmon. A redshift of the extinction cross section

with increase of the disk size can be observed in Fig. 2(c). Indeed, the dependence of the spectral

position of the plasmon peak with the disk size can be clearly traced from nanometric sizes up

to micrometric ones.The geometrical morphology of PdHx structures is thus responsible for the

location of the LSPR of the PdHx disks in the visible range of the spectrum, providing a unique

opportunity for remote optical sensing of the H concentration in nanoscale disks.

In order to further clarify the effect of Hydrogen uptake in the stoichiometric PdHx nanodisks,

we show in Fig. 3 the extinction cross section of PdHx disks on a SiO2 substrate, as a function of

the H/Pd ratio (H concentration) using the ab initio dielectric function obtained in Fig. 1(b). A 20

nm thick disk of diameter 190 nm is considered. The LSPR shift from 1.61 eV for pure Pd (green

line) to 1.21 eV for PdHx=1 (dashed black line) is conspicuous in Fig. 3.

In reality, however, the PdHx systems with x > 0 are not single-domain crystals but present a

mixture of two phases called α and β . The α phase is characterized by a very small concentration

of H atoms. Consequently, the dielectric properties of the α phase are very close to that of pure Pd.

The β phase is characterized by an elevated concentration of H and its dielectric properties can be

approximated as those of PdH. One can thus try to understand the dielectric properties of PdHx as

being a mixture of two media: i) an α phase (occupying 1- fβ space) with ωα
P ∼ 8 eV, and ii) a β

phase (occupying fβ space) with ω
β

P ∼ 4.2 eV. In a simple picture, the dielectric properties of such

composite system can be characterized by an effective dielectric function εe f f defined through the

loss function as
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ε
−1
e f f = (1− fβ ) · ε−1

α + fβ · ε−1
β

. (1)

The result of the loss function of this simple effective medium approach for different fractions

of the β phase is presented in Fig. 4(a). Here it can be clearly observed that, in a realistic PdHx

sample composed of α and β domains, the assumption of a linear downshift of ωP with x breaks

down. Increasing the concentration of H in PdHx results in a gradual decrease of intensity of the

pure Pd peak at ωα
P , together with a gradual development of a fixed plasmon peak of the β phase

at ω
β

P . This scenario was already discussed in Ref.,32 based on the experimental plasmonic spectra

of bulk PdHx systems. The measured evolution of the LSPR peak energy in PdHx nanostructures

then cannot be explained in terms of a simple linear downshift of the bulk plasmon energy ωp shift

when a simple admixture of phases in the bulk loss function is considered, as demonstrated in Fig.

4(a). Therefore we proceed now to properly account for geometrical effects derived from the finite

size of the Pd nanodisks as well as to adopt a more complete description of the phases distribution

within the bulk response.

Recent experiments that explore this potential of plasmonics to sense the storage of H in metal-

lic particles show that Pd metal gets saturated at fractions of H of about x≈0.6-0.7.5,6 Therefore,

two situations would be in principle possible in the diffusion of H in the Pd disks: (i) a homo-

geneous diffusion of H in Pd, with a constant concentration of H all over the Pd material or (ii)

an inhomogeneous distribution of two phases named α and β phases, consisting of domains of

pure crystalline Pd and Pd-H respectively, as customary in bulk systems.33,34 To discriminate be-

tween both situations we adopt an effective medium approach to describe the optical response

of the whole system composed of both phases. To construct the corresponding effective dielec-

tric function, εeff(z), (with z the H/Pd number ratio in the entire effective medium), we take a

weighted average of the ab initio calculated dielectric functions for Pd (taken here as a representee

of the α phase) and for PdHx=0.667 (β phase) following Bruggeman’s effective medium approxi-

mation,35–37
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fβ ·
εβ − εeff(z)

εβ +2εeff(z)
+(1− fβ ) ·

εα − εeff(z)
εα +2εeff(z)

= 0, (2)

where εα and εβ are the dielectric functions of the α and β phases, fβ is the fraction of the saturated

β phase. The dielectric loss function calculated for the Bruggeman’s effective medium can be seen

in Fig. 4(b). This effective dielectric function can be also used in the full calculation of the disk

response as in Fig. 2(c) and Fig. 3. Fig. 4(c) shows the extinction spectra in the case of a disk of

190 nm diameter and 20 nm thickness on the SiO2 substrate. A constant redshift of the LSPR of

the entire two-phase system is observed as the H/Pd ratio increases, following the increase of the β

phase presence fβ . We also calculate the extinction for a larger disk of diameter 300 nm obtaining

the same trend for the LSPR shift (not shown here).

To get more information about the domain distribution and H saturation in the Pd-H system,

we test a different level of saturation for the β phase in Eq. (2) by setting x=1 (PdHx=1) in the

dielectric function characterising εβ . The electrodynamical calculations are repeated using this

modified effective dielectric function to obtain the disk response for increasing H concentration

following an increase of the β phase presence fβ . In Fig. 5, the calculated LSPR shift for this

saturation (x=1) in the case of a disk of 20 nm thickness and 300 nm diameter (blue dots) is

compared with the shift obtained with the original saturation adopted for the β phase (PdHx=0.667,

red dots) in the effective dielectric function. The LSPR shift for an homogeneous medium (black

squares) and the experimentally observed shift from Ref.6 (green dots) are also displayed for direct

comparison.

Our theoretical calculations of the LSPR shift using a saturation value of x = 0.667 for the

β phase (red dots) show excellent agreement with the measured experimental values of the shift,

validating the assumption made for the admixture of the α and β phases. Furthermore, when

the β phase is taken as fully saturated, PdHx=1 (blue dots), a strong deviation of the behavior

of the LSPR shift can be observed when compared with the experimental values and with the

linear tendency obtained theoretically with use of PdHx=0.667. This deviation seems to discard the

possibility of full hydrogenation of the β phase domains in Pd-H nanostructures. The LSPR shift
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thus provides valuable information about the dynamics of domain formation in Hydrogen uptake

by the Pd nanodisks. However this conclusion should be taken with caution as temperature and

nanodisk boundaries18 might influence the observations. Future investigations should take into

account these and other possible effects.

Our results may look rather puzzling at first sight: we obtain a linear shift of the LSPR fre-

quency in PdHx systems when increasing x, without invoking any linear shift of the bulk plasmon

energy ωP. The reason for the linear shift, however, can be easily understood by analysing the evo-

lution of the dielectric loss function−Im{ε−1
e f f ]} derived from the Bruggemann’s approximation as

the H concentration x varies. This evolution is shown in Fig. 4(b) for straight comparisson with the

simple linear admixture of phases. Contrary to the evolution of the effective loss function in the

simple approach in Fig. 4(a), the effective loss function that involves the more complex admixture

of phases given by Eq. (2) varies gradually (almost linearly) with x in the energy interval of interest

for plasmonic sensing (1-3 eV), being this the reason for the gradual shift of the plasmon response

observed. Furthermore, if the excitation energy is tuned by modifying the system size, geometry

or environment, strong non-linearities in the LSPR with H concentration would then appear. Slight

differences between the simulations and the experimental results can be associated to the large

surface roughness caused by the hydrogenation of the Pd disks.5

In summary, combining an ab initio description of the atomic-level properties of PdHx with the

full electrodynamical calculation of light scattering in nanoscale geometries, we have theoretically

demonstrated that plasmonic sensing techniques are sensitive enough to be used as valuable tools

for studying the dynamics of structural changes in metal hydrides nanosystems. In the particular

case of PdHx nanodisks, the comparison of our theoretical results with recent experimental mea-

surements validated quantitatively that H saturation takes place at x ∼ 0.667 in the β phase. The

methodology developed here will therefore bring further advance in the understanding of Hydro-

gen absorption and diffusion in metal nanostructures.
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Figure 1: (a) Crystal lattice of pure Pd and fully hydrogenated Pd used in the ab initio calculations.
H atoms occupy the octahedral interstitial sites in the face-centered cubic lattice of palladium to
form PdH. (b) Dielectric loss function, −Im{1/ε} for bulk PdHx obtained from ab initio TDDFT
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function (violet line) agrees with that obtained in energy-loss32,38–40 and optical41,42 experiments
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Figure 2: (a) Plasmonic resonance energies of the PdHx systems for (i) bulk, (ii) surface, (iii)
dipolar LSPR in a spherical particle in the electrostatic limit, (iv) isolated disk of 20 nm thick and
190 nm diameter and (v) the same disk deposited on SiO2 substrate, obtained with use of dielectric
functions calculated through the TDDFT as a function of x=H/Pd ratio. The dotted lines are guides
to the eye. (b) Schematics of the system used in the BEM calculations to obtain the far-field optical
response of the PdHx nanodisks. Disks of thickness 20 nm and different diameters and deposited
on a 60 nm thick SiO2 substrate and illuminated by a polarized planewave incident normally from
the top. (c) Extinction spectra calculated using the ab initio dielectric function for Pd disks of 20
nm thickness for different diameters.
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(6) Zorić, I.; Larsson, E. M.; Kasemo, B.; Langhammer, C. Localized Surface Plasmons Shed

Light on Nanoscale Metal Hydrides. Adv. Mater. 2010, 22, 4628–4633.

(7) Tang, M. L.; Liu, N.; Dionne, J. A.; Alivisatos, A. P. Observations of Shape-Dependent Hy-

drogen Uptake Trajectories from Single Nanocrystals. J. Am. Chem. Soc. 2011, 133, 13220–

13223.

(8) Tittl, A.; Kremers, C.; Dorfmüller, J.; Chigrin, D. N.; Giessen, H. Spectral Shifts in Optical

Nanoantenna-enhanced Hydrogen Sensors. Opt. Mater. Express. 2012, 2, 111–118.

(9) Xie, B.; Liu, L.; Peng, X.; Zhang, Y.; Xu, Q.; Zheng, M.; Takiya, T.; Han, M. Optimizing

Hydrogen Sensing Behavior by Controlling the Coverage in Pd Nanoparticle Films. J. Phys.

Chem. C. 2011, 115, 16161–16166.

(10) Wilde, M.; Fukutani, K.; Ludwig, W.; Brandt, B.; Fischer, J.-H.; Schauermann, S.; Fre-

und, H.-J. Influence of Carbon Deposition on the Hydrogen Distribution in Pd Nanoparticles

and Their Reactivity in Olefin Hydrogenation. Angew. Chem. Int. Ed. 2008, 47, 9289–9293.

14



(11) Tittl, A.; Mai, P.; Taubert, R.; Dregely, D.; Liu, N.; Giessen, H. Palladium-Based Plasmonic

Perfect Absorber in the Visible Wavelength Range and Its Application to Hydrogen Sensing.

Nano Lett. 2011, 11, 4366–4369.

(12) Schlapbach, L.; Zuttel, A. Hydrogen-storage Materials for Mobile Applications. Nature, Lon-

don. 2001, 414, 353–358.

(13) Pundt, A.; Kirchheim, R. Hydrogen in Metals: Microstructural Aspects. Annu. Rev. Mater.

2006, 36, 555–608.

(14) Yamauchi, M.; Kobayashi, H.; Kitagawa, H. Hydrogen Storage Mediated by Pd and Pt

Nanoparticles. ChemPhysChem. 2009, 10, 2566–2576.

(15) Eberle, U.; Felderhoff, M.; Schulth, F. Chemical and Physical Solutions for Hydrogen Stor-

age. Angew. Chem. Int. Ed. 2009, 48, 6608–6630.

(16) Berube, V.; Radtke, G.; Dresselhaus, M.; Chen, G. Size Effects on the Hydrogen Storage

Properties of Nanostructured Metal Hydrides: A Review. Int. J. Energ. Res. 2007, 31, 637–

663.
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