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Hydrogen is the first chemical element
in the periodic table. At ambient
temperature and pressure, hydrogen

is a colorless, odorless, tasteless, and highly
flammable diatomic gas with the molecular
formulaH2.With an atomicweight of 1.00794,
hydrogen is the lightest and, by constituting
roughly 75% of the present elemental mass,
also the most abundant element in the uni-
verse. Stars are mainly composed of hydro-
gen. However, on Earth, elemental hydrogen
is relatively rare as it forms compounds with
most elements and is present in water and
most organic molecules.
In the 1970s, several visionary studies

announced a so-called hydrogen economy,
a scenario where sustainable energy sources
convert energy into electricity, which is then
used to produce hydrogen from water.1 The
produced hydrogen is subsequently used
as energy vector to store and transport
the produced energy. At the consumer, the
chemical energy stored in the hydrogen gas
is converted back into electrical energy in a

fuel cell with only water as byproduct. The
water is thus recycled in a closed loop, and
no harmful emissions are created.

Why Do We Need Hydrogen Sensors? For the
hydrogen economy to become reality, the
challenge stands in optimizing costs, reliabil-
ity, and safety at all stages of hydrogen
production, distribution, storage, and utiliza-
tion as a fuel.2 Thus, hydrogen sensing poten-
tially has an important role to play in several
different aspects of this quest. For example,
from a materials science perspective, hydro-
gen sensing turns out to be very useful to
generate deeper understanding of materi-
al�hydrogen interactions at the nanoscale,
which is important for the development of
efficient hydrogen storage media. As another
example, if hydrogen is introduced as the
major energy carrier, hydrogen sensors
will become a vital part of the infrastructure
to ensure safe operation, that is, to detect
hydrogen leaks from storage tanks, gas lines,
etc., to prevent ignition/explosion of highly
flammable/explosive hydrogen�air mixtures.
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ABSTRACT In this review, we discuss the evolution of localized surface plasmon

resonance and surface plasmon resonance hydrogen sensors based on nanostruc-

tured metal hydrides, which has accelerated significantly during the past 5 years. We

put particular focus on how, conceptually, plasmonic resonances can be used to

study metal�hydrogen interactions at the nanoscale, both at the ensemble and at

the single-nanoparticle level. Such efforts are motivated by a fundamental interest

in understanding the role of nanosizing on metal hydride formation processes in the

quest to develop efficient solid-state hydrogen storage materials with fast response times, reasonable thermodynamics, and acceptable long-term stability.

Therefore, a brief introduction to the thermodynamics of metal hydride formation is also given. However, plasmonic hydrogen sensors not only are of

academic interest as research tool in materials science but also are predicted to find more practical use as all-optical gas detectors in industrial and medical

applications, as well as in a future hydrogen economy, where hydrogen is used as a carbon free energy carrier. Therefore, the wide range of different

plasmonic hydrogen sensor designs already available is reviewed together with theoretical efforts to understand their fundamentals and optimize their

performance in terms of sensitivity. In this context, we also highlight important challenges to be addressed in the future to take plasmonic hydrogen

sensors from the laboratory to real applications in devices, including poisoning/deactivation of the active materials, sensor lifetime, and cross-sensitivity

toward other gas species.

KEYWORDS: localized surface plasmon resonance . surface plasmon resonance . hydrogen . sensors . metal hydride . palladium .
nanoparticles . nanowires . sensing
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Hydrogen sensors are, however, not only of impor-
tance in a future hydrogen economy. Already today
hydrogen gas is largely involved in various areas of the
chemical industry either being one of the necessary
components or by-/end product of chemical pro-
cesses. In these fields, hydrogen is mainly used in
two nonfuel applications such as production of ammo-
nia for the fertilizer industry and refinement of crude
oils in the petrochemical industry. For these applica-
tions, hydrogen sensors are needed in order tomonitor
and control hydrogen partial pressure for as safe and as
efficient processing as possible.3

Besides these applications in the chemical industry,
hydrogen sensing can be useful when hydrogen is an
end product or byproduct of a biological process. For
example, in the food industry, detection of hydrogen
produced by certain bacteria can help determine if the
food is spoiled.4 Hydrogen sensing was also suggested
to be used for indication of whether the food has been
irradiated5 or for detection of leaks in flexible food
packages by employing it as a tracer gas.6 Also in
medical applications, an interest in hydrogen sensors
has arisen since measuring the hydrogen content in
human breath has proven to be useful to diagnose
certain conditions such as lactose intolerance or bac-
terial overgrowth in intestines.7

What Are the Requirements for Hydrogen Sensors? Hydro-
gen sensors have to comply with a number of require-
ments that can be quite specific depending on
application areas. These requirements can be generally
summarized3,8,9 as acceptable measurement range
(e.g., 0.01�10% for leak detection;note that the
flammability limit for hydrogen�air mixtures is from
4 to 75 vol % H2), sufficient accuracy (uncertainty less
than 5�10%of signal) and reliability, quick response and
recovery time (<1 s), stable signal with good signal-to-
noise ratio, robustness under environmental conditions
(e.g., temperature (�30 to 80 �C), pressure (80�110 kPa),
relative humidity (10�98%)). At the same time, an ideal
hydrogen sensor has to be explosion-proof, have long
lifetime (>5 years) and low cost, feature simple operation
and maintenance as well as simple system integration
and interface. Other important characteristics of hydro-
gen sensors are low cross-sensitivity and low suscept-
ibility to contamination and poisoning toward/by other
chemical species, such as hydrocarbons, water, carbon
monoxide, hydrogen sulfide, sulfur dioxide, etc.

Why Optical Hydrogen Sensors? Several mechanisms for
hydrogen sensing have been studied for more than a
century. Traditional approaches include gas chroma-
tography, mass spectrometry, thermal conductivity
sensors, and laser gas analysis. There are also com-
mercially available sensors based on a solid-state
approach tohydrogen sensing such as catalytic sensors,
electrochemical sensors, resistance-based sensors,
work-function-based sensors, as well as sensors
with mechanical, acoustical, and optical readouts.

Comprehensive reviews on existing and emerging
hydrogen-sensing technologies mentioned above can
be found in recent work by Hübert et al.10 Ando11 also
specifically summarizes detection of various gases
(including hydrogen) bymeans of optochemical sensors.
Our review is focused on a new family of optical hydro-
gen sensors that capitalize on the recent advances in
nanophotonics and the phenomena of the surface plas-
mon resonance (SPR) at a metal dielectric interface and
the localized surface plasmon resonance (LSPR) in metal
nanoparticles. Optical sensors in general have a number
of advantages compared to the traditional electrical
ones. The main advantage is that they pose no risk to
generate sparks, something that could be devastating
when operating in explosive hydrogen atmospheres.
They also have the benefit of not being affected by
electromagnetic interference and feature remote read-
out, which is attractive in harsh environments.

In order to build an optical hydrogen sensor, some
kind of “active” material that specifically reacts in
a measurable way to the presence of hydrogen is
needed. Numerous different materials that fulfill this
criterion exist, such as various metals, metal oxides,
and polymers. In this review, we have chosen to focus
on the transformation of a metal into a hydride in the

Localized surface plasmon resonance - Resonant collective

oscillations of electrons in a nanoparticle that consists of a

material that features free electrons, for example, ametal. The

resonance condition is established when the frequency of

irradiated near-visible light matches the natural frequency of

the free electrons oscillating against the restoring force of

positive nuclei in the nanoparticle; Surface plasmon reso-

nance - Surface electromagnetic waves that propagate par-

allel to ametal/dielectric ormetal/vacuum interface at optical

frequencies and that create evanescent fields into the di-

electric/vacuum;Direct nanoplasmonic sensing - Nanoplas-

monic sensing arrangement where the plasmonic antenna

constitutes both the active material interacting with the

analyte and the plasmonic signal transducer; Indirect nano-

plasmonic sensing - Nanoplasmonic sensing arrangement

where a chemically inert plasmonic antenna located adjacent

(within a few to few tens of nanometers) to the active

material, interacting with the analyte, acts as plasmonic

signal transducer;Pressure�composition isotherm - Gra-

phical representation of the hydrogen concentration in a

material as a function of applied external hydrogen (partial)

pressure at constant temperature;R-Phase - Solid solution of

hydrogen atoms in a host material lattice at concentrations

low enough to render hydrogen�hydrogen interactions neg-

ligible;Metal hydride - Compound, also called β-phase,

formed by interaction of metals with hydrogen, which often

is nonstoichiometric. Binary hydrides contain only two ele-

ments, the metal (M) and hydrogen. The bonds formed

between hydrogen and metal can vary between ionic, cova-

lent, or metallic, depending on the system. Most transition

metal hydrides exhibit metal-like electrical conductivity.
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presence of hydrogen12 as the detection reaction. We
make this selection since the plasmon resonance is
a phenomenon that occurs in metals and because
of the fact that most plasmonic hydrogen sensors
demonstrated to date exploit this transformation. For
historical completeness, however, we will also include
an overview on plasmonic hydrogen sensors utilizing
other active materials, such as oxides. These will,
however, not be discussed in detail.

The outline of the remainder of this review is as
follows. We start out with a brief introduction to the
thermodynamics of metal�hydrogen interactions as a
background for the sensing principle of metal hydride-
based plasmonic gas sensors, followed by a section on
the generic principles of plasmonic sensing. After these
introductory paragraphs, we will review in detail the
fields of LSPR- and SPR-based hydrogen sensors that
rely on nanostructuredmetal hydrides. This is followed
by a short section on recent developments of alter-
native optical concepts, which may prove inspirational
to the fields of LSPR- and SPR-based hydrogen sensing.
We then sum up by discussing future avenues
and challenges for metal hydride-based plasmonic
hydrogen sensors, which we feel are critical to further
advance the field.

THERMODYNAMICSOF THEMETAL�HYDROGEN
SYSTEM

The ability of metals to absorb hydrogen atoms
into interstitial sites in their lattice has received a lot
of research attention over the years with different

applications in mind.12 The main interest is perhaps
in application as hydrogen storage medium for on-
board storage systems for vehicles, owing to the large
volume reduction of the hydrogen when stored in
a metal hydride compared to, for instance, a high-
pressure gas tank.13 Nevertheless, we note that, in
today's planned pre-series vehicles that feature hydro-
gen-powered fuel cells, advanced composite material
high-pressure gas tanks are used as the hydrogen
storage solution because it is the most efficient avail-
able technology today.14 Also, stationary hydrogen
storage at a larger scale and metal hydride batteries
are important application areas of metal hydrides.15

In the field, hydride formation in metal nanoparticles
has become a hot topic during the recent years as
the sorption behavior is expected to differ greatly in
nanosized entities compared to their bulk counterparts
and thus offers interesting opportunities to engineer
the hydrogen storage properties of a material.16 As
mentioned, the metal hydride formation can also
be utilized in hydrogen sensors as the “detection
reaction”. Thus, to gain some insight into the working
principle of such sensors, we first briefly discuss the
hydride formation process in a metal (Figure 1).
As themetal is exposed to hydrogenmolecules, they

dissociate on themetal surface (we note, however, that
on many metals this is an activated process that does
not occur spontaneously at ambient conditions) and
the hydrogen atoms start to diffuse into the metal
lattice. At low hydrogen gas pressures, a solid solution
of hydrogen in the host lattice (called the R-phase;

Figure 1. Sketch of the hydride formation process in a metal. (a) Different stages during the hydride formation: R-phase,
mixed phase, and fully formed hydride (β-phase). (b) Sketch of pressure�composition isotherms exhibiting a plateau at the
hydride formation pressure for a given temperature. This plateau pressure increases as the temperature increases. (c) van't
Hoff analysis where changes in enthalpy (ΔH) and entropy (ΔS) during the hydride formation are extracted from the
temperature dependence of the plateau pressures.
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see Figure 1a) is formed. In this R-phase, since the
amount of hydrogen is rather low and thus the dis-
tance between hydrogen atoms is large, (attractive)
hydrogen�hydrogen interactions inside the lattice are
very weak. Nevertheless, as the metal absorbs more
and more hydrogen, it will locally strain the lattice
of the host. As the hydrogen pressure/concentration
is increased even further, the amount of hydrogen in
the metal will increase, and eventually, hydrogen�
hydrogen interactions (resulting from lattice strain as
well as electronic interactions) become appreciable
and the formation of regions of the hydride (β-phase)
starts. At this stage, the R-phase and β-phase coexist in
equilibrium, and an incremental increase in the hydro-
gen concentration around the metal will only result
in the growth of the β-phase regions at the expense
of the R-phase. Eventually, with continued increased
external hydrogen pressure, the entire metal will be
transformed into the β-phase, the hydride formation is
complete, and any further increase in hydrogen pres-
sure will only result in minor changes in the hydrogen
content in the hydride.
If one;at constant temperature;maps the hydro-

gen content in the metal versus the increasing applied
hydrogen pressure, a so-called pressure�composition
isotherm is obtained (see Figure 1b). The isotherm
exhibits a clear “plateau” at the pressure where the
R- andβ-phase coexist, that is, at the hydride formation
pressure. As the temperature is increased, the pressure
at which the hydride formation takes place also in-
creases. In this way, by measuring isotherms at several
temperatures, the phase diagram of the metal�
hydrogen system can be mapped out. The phase
boundaries are located on the low and high concen-
tration sides of the equilibrium plateau, respectively,
and narrow up toward the critical point.
If one now reverses the process and decreases the

hydrogen pressure around the hydride, the unloading
process will take place in a similar way and exhibit a
plateau where β-phase and R-phase are in thermo-
dynamic equilibrium as the hydride is decomposed.
However, the hydride decompositionwill inmost cases
not occur at the same pressure as the formation but
rather at lower pressure. This hysteresis is also the
result of the lattice strain induced by the presence of
hydrogen in the metal lattice. This strain creates an
energy barrier that needs to be surmounted in order
for the hydride to form or decompose.17 One way to
engineer the extent of the hysteresis is typically to alloy
the host metal with a second element, as for example
in Pd�Au, Pd�Ag, and Pd�Ni alloys.18�20

From isotherm measurements carried out at differ-
ent temperatures, it is possible to extract thermo-
dynamic data regarding the hydride formation/
decomposition process. At the plateau, the chemical
potentials of hydrogen in the gas phase and in the
hydride phase are equal by definition.21 This equality

gives rise to the van't Hoff equation:

ln
P

P0
¼ �ΔH

RT
þΔS

R
(1)

where P is the plateau pressure, P0 is atmospheric
pressure, ΔH and ΔS are, respectively, the changes
in enthalpy and entropy for the hydride formation/
decomposition, R is the gas constant, and T is the
temperature. Bymeasuring pressure�composition iso-
therms at different temperatures and extracting the
plateau pressures, it is thus possible to use the van't
Hoff equation to extract ΔH andΔS. This is done using
a so-called van't Hoff plot in which ln(P/P0) is plotted
versus 1/T (Figure 1c). From the obtained line, ΔH and
ΔS are determined by the slope of the line and its
intersection with the y-axis, respectively. These are
important parameters, in particular ΔH, since it quan-
tifies the amount of energy required to release the
hydrogen from the hydride (i.e., its thermal stability).
For a sensor, this is of particular relevance when it
comes to regeneration; that is, it is desirable that the
hydride phase spontaneously decomposes at ambient
temperature conditions, when the hydrogen concen-
tration in the sensor environment decreases.

PRINCIPLES OF PLASMONIC SENSING

As light is irradiated on a metal nanoparticle that is
smaller or comparable to the wavelength, resonant
collective oscillations of the conduction electrons can
be excited with respect to the immobilized positive ion
cores in the lattice;the localized surface plasmon
resonance depicted in Figure 2a. At the wavelength
where the resonance occurs, the metal nanoparticles

Figure 2. (a) Sketch of the localized surface plasmon reso-
nance in a metal nanoparticle as it is subjected to a time-
dependent electric field, such as light. (b) Charge separation
at the surface of the metal nanoparticle caused by the LSPR
generates an enhanced electric field near the nanoparticle.
(c) Similar to the nanoparticle case, at the surface of a metal
film toward a dielectric or vacuum, a surface plasmon
resonance can be excited under the right conditions. Also
here the surface charge variations result in an evanescent
electric field close to the surface of the metal film.
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will strongly absorb and scatter light. This phenomenon
was first reported by Faraday in 1857 as he studied
coloration of gold nanoparticle colloids.22 However, the
principle had already been used for centuries to stain
glass (e.g., church windows). Because of charge separa-
tion at the surface of the nanoparticle as the resonance
is excited, a strongly enhanced electric field is gener-
ated locally around the nanoparticle (see Figure 2b).
The wavelength at which the LSPR occurs depends on
several factors including the size, shape, and material
of the nanoparticle, but it also depends on the envi-
ronment around it, that is, its dielectric properties.23

Therefore, by tracking the LSPR wavelength, it is possi-
ble to detect any changes to the nanoparticle itself
(via change of the size/shape or materials/electronic
properties) or to its immediate surroundings (via change
of surroundingdielectric properties). The former sensing
principle can be referred to as direct plasmonic sensing

and the latter one as indirect plasmonic sensing, as
schematically illustrated in Figure 3.

Similarly to the metal nanoparticle case, it is also
possible to induce resonant collective electron excita-
tions on metal films at the interface toward a dielectric
or toward vacuum (see Figure 2c). On a film, the
resonance is no longer localized, as in nanoparticles,
but can be understood as a freely propagating surface
charge density wave. These resonances are called
surface plasmon resonances or surface plasmon polar-
itons. Because of the charge separation along the sur-
face of the metal, an evanescent electric field will be
generated. SPRs can thus be used for sensing in a
similar fashion as the LSPRs. However, unlike the LSPRs,
SPRs cannot be excited directly by light at normal
incidence. The light needs to be provided momentum
to excite the SPR, which is most commonly achieved by
the use of a prism coupler, a diffraction grating, or a
waveguide.24

LSPR METAL HYDRIDE HYDROGEN
SENSORS

Direct LSPR Hydrogen Sensors. Direct LSPR hydrogen
sensors consist of hydride-forming metal nanoparti-
cles, such as Pd. The LSPR of these nanoparticles is
utilized to monitor the hydrogen uptake in the metal,
hence the name direct hydrogen sensing. As hydrogen
is absorbed into the metal lattice, it will expand and
also the permittivity of the metal will change.25 These
effects will influence the resonance conditions for
the LSPR, which is used as the readout of the sensor.
The first example of a direct LSPR sensor using a
nanostructure hydride is the work by Langhammer
et al.,26 where Pd nanodisks on a glass support are used
as the sensing platform. In this work, the sensor
arrangement was inserted into a vacuum chamber
and the hydrogen uptake/release was controlled by
varying the pressure of hydrogen gas. The chamber
was equipped with windows, making it possible to
monitor the LSPR resonance of the sample by a simple
transmission measurement. In a later paper by the
same authors,27 this work was extended by also
studying the temperature dependence of pressure�
composition isotherms to extract thermodynamic in-
formation about the system according to the van't
Hoff procedure described in the introduction (see
Figure 4a). Additionally, to verify that the LSPR shifts
in these measurements indeed stem from the hydro-
gen uptake in the Pd nanoparticles, a quartz crystal
microbalance was used to experimentally determine
the correlation between hydrogen concentration in
the Pd nanodisks and the LSPR peak shift.27,28 A linear
correlation was found for the considered Pd nanodisk
sizes and later theoretically verified based on first-
principles calculations by Poyli et al.29 Apart from Pd
nanodisks, other nanostructures have since then been
developed for direct LSPR hydrogen sensing, including
Pd nanorings30 and concave Pd nanocubes.31 In the
work by Strohfeldt et al.,32 these sensors have been

Figure 3. Schematic depiction of the working principles of
direct and indirect nanoplasmonic sensors. (a) In the direct
sensing case, the nanoparticle acts both as active material
reactingwith hydrogen and as plasmonic signal transducer,
whereas in the case of indirect sensing, an inert plasmonic
sensor particle is used to probe the interaction of hydrogen
with the adjacent active material. (b) LSPR of the sensor is
excited by polychromatic light, and scattering or extinction
spectra are recorded. (c) By tracking the spectral position,
intensity, or line width of the LSPR peak in the recorded
spectra, the presence of hydrogen can be detected as
characteristic shifts in these readout parameters.
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taken one step further, not only by considering a Pd disk
but also by using a layered disk structure consisting of a
bottomCaF2 layer, amiddle Pd layer, and a top Pt cap, as
shown in Figure 4b. The addition of these extra layers
(Pd still acts as the active material for hydrogen
detection) has been shown to have a great impact on
the long-term stability of the hydrogen-sensing signal
via a “catalytic cleaning” effect of the Pt layer. Efforts in
this direction are of vital importance if these types of
sensors are to be able to compete with other types of
hydrogen sensors in real applications.

The works presented above all feature Pd as the
sensing material. Recently, alternative materials have
been investigated for their applicability in direct LSPR
sensors. Sil et al.33 reported that substrates covered by
goldhemispheres in the size rangeof 20�36nmshowa
plasmonic response in the presence of hydrogen. They
attribute this plasmonic response to the formation of
a metastable gold hydride phase, which becomes
possible through hot-electron-induced H2 dissociation
on the otherwise inert Au surface. This kind of plasmon-
induced H2 dissociation on Au nanoparticles was first
reported by Mukherjee et al. in 2012.34

In another recent work, Strohfeldt et al.35 demon-
strated that when using yttrium (Y) nanoparticles, it is
possible to switch the LSPR on and off by hydrogen
exposure. Specifically, as the Y particles are initially
exposed to hydrogen, an insulating yttrium trihydride
(YH3) is formed, efficiently suppressing the LSPR. As
the hydrogen gas is removed, the YH3 does not
decompose completely into metallic Y but into yttrium
dihydride (YH2). However, the YH2 is a metallic phase
and does therefore also exhibit LSPR. After this first
irreversible cycle, the switching between metallic
YH2 and insulating YH3 is fully reversible. The authors
predict that yttrium nanostructures can form a crucial
building block in the realization of a variety of novel

hydrogen-enabled plasmonic switching schemes.
Possible applications include switchableplasmonic elec-
tromagnetically induced transparency or switchable
perfect absorber devices.

Indirect LSPR Hydrogen Sensors. In some cases, the LSPR
(or optical cross section in more general terms) of a
nanoentity interacting with hydrogen is by itself too
weak to be practically used for hydrogen sensing.
This can arise from the fact that the material is “poor”
(highly damped) when it comes to supporting LSPRs,
that the particles are so small that their LSPR occurs
in the UV spectral range, or, as can be the case for
single-particle studies using dark-field scattering spec-
troscopy, that they do not scatter enough light by
themselves to be easily detected. In these cases, it is
possible to utilize other metal nanoparticles with
superior and tailored LSPR properties as sensors that
probe the hydride-forming entities located in their
close vicinity (few to few tens of nanometers) via

their optical near fields. In this case, the LSPR nano-
particles (typically Au) desirably do not interact with
hydrogen but instead act as optical antennas and
signal transducers only. We call this sensing scheme
indirect sensing.

The first reported indirect LSPR hydrogen sensors
did not utilize metal hydrides as the active material but
were instead based on various composite materials
composed of oxides and, typically, Au nanoparticles.
In this type of sensor, the peak shift signal is either
induced by electron transfer from the oxide to the
plasmonic Au particles, due to dissociative H2 adsorp-
tion, or by permittivity changes in the oxide. The first
study was presented by Ando et al.36 in 2004. They
used an InxOyNz film with a thin Au overlayer, forming
Au nanoparticles after annealing, and showed that
this arrangement could be used to optically detect
the presence of H2 and NO2. Following this work,

Figure 4. (a) Direct sensing of hydrogen sorption in Pd nanodisks. By tracking the shift of the LSPR upon hydrogen exposure,
temperature-dependent pressure�composition isotherm measurements can be performed to derive the enthalpy and
entropy of hydride formation in the disks. Adapted with permission from ref 27. Copyright 2010 Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim. (b) Long-term stability of a direct plasmonic hydrogen sensor based on hydride formation in Pd. After
only 2 days, the sensor's response has deteriorated significantly (top panel). By adding a bottom layer of CaF2 and a thin layer
of Pt catalyst on top of the Pd nanodisks (bottom panel), the long-term stability of the sensor is significantly enhanced.
Adapted with permission from ref 32. Copyright 2013 Optical Society of America.
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various oxides with embedded Au nanoparticles
have been evaluated, including InxOyNz,

36,37 NiO,38,39

TiO2,
40,41 yttria-stabilized zirconia (YSZ),42,43 ZrTiO4,

44

and CeO2.
45

The idea to utilize indirect LSPR sensors for metal
hydride-based optical hydrogen sensing was intro-
duced by Langhammer et al.46 after having previously
been successfully used to study catalytic reactions.47

Figure 5a shows the indirect nanoplasmonic sensing
(INPS) platform applied to study hydrogen sorption in
sub-10 nm Pd particles grown on the sensor surface.
The INPS platform has, since its introduction, been used
for detailed studies regarding the effect of nanosizing
on the hydrogen interactions with Pd nanoparticles
in the sub-10 nm size range. These studies include
both the thermodynamics46,48,49 and the kinetics50 of
the hydride formation and decomposition process
and have contributed to reach a deeper understanding
of how the size of nanoparticles affects their hydrogen
storage properties.

Other ways to study these types of systems include
volumetric methods (change in gas pressure), gravi-
metric methods (change in mass of the system), or
X-ray diffraction (change in lattice parameter). All these
methods, however, require relatively large sample
volumes, and they therefore suffer from problems
related to the wide size distributions of the probed
particles and related inhomogeneous sample material
effects. To completely overcome such limiting factors,
it is therefore beneficial if the hydrogenation measure-
ments are carried out at the single-nanoparticle level.

Single-particle experiments would, moreover, provide
the possibility to characterize the studied particle in
detail, making it possible to correlate any observed
effects in hydrogenationbehavior to particle size, shape,
and most abundant surface facets. It turns out that the
indirect LSPR-sensing concept, that is, placing a plas-
monic antenna adjacent to a hydride-forming entity,
makes it possible to achieve single-particle hydrogen-
sensing experiments. In fact, it is experimentally rela-
tively straightforward, as only an optical dark-field
microscope is needed to illuminate and collect
the scattered light from the nanoparticle of interest.
The first successful indirect hydrogen-sensing experi-
ment on a single Pd nanoparticle was carried out by
Liu et al.51 Using e-beam lithography, they fabricated
rectangular and triangular Au nanoantennas with a Pd
nanodisk at one of its tips, in a so-called nanofocus (see
Figure 5b). By tracking the LSPR scattering peak when
the sample was exposed to N2 atmospheres containing
various concentrations of H2 gas, they were able to
monitor the hydride formation in the single Pd disk. A
similar approach but using a different sample config-
uration was presented by Shegai et al.52 They used a
stacked arrangement of Au nanoantennas, a dielectric
spacer layer, and then the hydride former (Pd or Mg) on
top. In their study, they went one step further as they
were able to measure complete optical pressure�
composition isotherms at different temperatures and
derive the enthalpy of hydride formation. Both of these
works thus convincingly showed that it indeed is pos-
sible to study hydrogen uptake in single nanoentities.

Figure 5. (a) Schematic illustration of the seminal indirect nanoplasmonic sensing platform used to study hydride formation
and decomposition in Pd nanoparticles in the sub-10 nm size range. The plot shows optical pressure�composition isotherm
measurements for 5 nmPdnanoparticles. Adapted from ref 46. Copyright 2010AmericanChemical Society. (b) Single-particle
dark-field scattering spectroscopy measurements of the hydride formation and decomposition in an individual Pd disk via a
tailored adjacent Au nanoantenna. Reprinted by permission from ref 51. Copyright 2011 Macmillan Publishers Ltd. (c)
Heterodimer nanostructures consisting of a single-crystalline Pd nanocube attached to a spherical Au nanoparticle. The
shape and surface facets of the Pd crystal can be controlled during synthesis, and the attached Au nanoparticle antenna
allows for single-particle readout of hydrogen uptake in the adjacent Pd nanoparticle by means of dark-field scattering
spectroscopy. Adapted from ref 64. Copyright 2014 American Chemical Society.
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In both of the above cases, however, the hydride-
forming Pd and Mg nanoparticles under scrutiny were
relatively large (30�60 nm). As has been shown in
previous studies on ensembles of particles, the inter-
esting regime where one expects effects imposed
by the particle size to become appreciable is below
10 nm.16,53,54 To be able to study such small particles
individually, careful considerations have to be taken
on the design of the antenna structure. One way
to increase the sensitivity, as presented theoretically
by Tittl et al.55 and Dasgupta et al.,56 is to place
the hydride-forming particle in the gap between
two plasmonic antenna elements (Figure 6a). In this

configuration, coupling of the LSPRs in the two sensor
elements will give rise to a region with a focused field
(“hot spot”) in the gap between them and consequent
higher sensitivity. The feasibility of this approach was
recently demonstrated experimentally by Syrenova
et al.,57 where an antenna structure consisting of a
Au nanodisk dimer with a small Pd particle in the gap
was used to detect hydrogen uptake in a single Pd
particle with a diameter of only 16 nm at a thickness of
10 nm (Figure 6b). These efforts move single-particle
studies closer toward the interesting sub-10 nm size
regime. Along the same lines, Yang et al.58 also report
on the benefit of having several sensor elements.
They present reconstructable mask lithography with
which they can produce large areas covered by Au�Pd
hetero-oligomers (Figure 6c) and show both experi-
mentally for an ensemble and theoretically for a single
oligomer the difference in terms of sensitivity between
a dimer and a trimer structure used for hydrogen
sensing.

All previously cited experimental studies on
single particles have dealt with particles that were
fabricated using nanolithography techniques. This
fabrication strategy was chosen because it typically
provides very good control of the sensor/antenna
structure and localizes them on a surface. However,
when it comes to the structure and size of the hydride-
forming particle, one is somewhat limited as only
particles produced using physical vapor deposition
methods are accessible. These particles growwith only
limited control over shape and crystallinity, that is, they
are typically polycrystalline. In addition, sub-10 nm size
resolution is very difficult to achieve. Therefore, it is
desirable to combine nanolithography-based fabrica-
tion efforts with particles synthesized with better con-
trol of the size, shape, and crystallinity parameters. One
way to do this is to synthesize particles that react with
hydrogen and also feature sufficiently good plasmonic
properties to be able to be observed in a dark-field
microscope. Tang et al.59 synthesized Au�Pd core�
shell nanoparticles that fulfill both of these criteria.
They were thus able to control the shape of the
synthesized particles and observed differences in
particle hydrogen uptake trajectories for individual
particles with different shapes, faceting, and Pd shell
thickness. Interesting Au�Pd core�shell nanoparticles
were also investigated for their hydrogen sorption
properties by Chiu et al.,60,61 however, at the ensemble
level in aqueous solution. They were able to synthesize
tetrahexahedral, octahedral, and cubic nanocrystals
by the use of polyhedral gold nanocrystal cores and
subsequent epitaxial overgrowth of a Pd shell. As they
show, their approach enables the detection of hydro-
gen at low concentrations on the basis of the very large
spectral red shifts observed for the Au�Pd nanocryst-
als upon exposure to dissolved hydrogen in water. The
use of Au�Pd octahedra with thin Pd shells resulted in

Figure 6. (a) Calculated changes in scattering spectra for a
Pd nanodisk with either one or two plasmonic Au nanowire
antennas placed in close proximity. The total observed
spectral shift of the resonance peak is greatly enhanced by
the addition of the second wire antenna element. Reprinted
with permission from ref 55. Copyright 2012 Optical Society
of America. (b) Hydride formation in single Pd nanoparticles
(26 and 16 nm diameter, respectively) placed in the hot
spot of a Au dimer nanoantenna structure studied using
dark-field scattering spectroscopy. Scale bars in SEM images
correspond to 100 nm. Adapted from ref 57. Copyright 2014
American Chemical Society. (c) Hydrogen sensing using
Au�Pd dimers and trimers fabricated with reconstructable
mask lithography. The trimer structure shows an enhanced
signal compared to thedimer structure. Adapted from ref 58.
Copyright 2014 American Chemical Society.
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a visually detectable change in the color of the solution
within 1 min upon exposure to hydrogen.

Another interesting alternative to using a hydride-
forming shell of a metal around a Au plasmonic sensor
core is to attach the plasmonic sensor particle to the
hydride former of interest. A first step in this direction
was taken by Tittl et al.,62 who synthesized Au�SiO2

core�shell structures63 and dispersed them on a con-
tinuous Pd film where they acted as local plasmonic
“smart dust” probes. By studying the scattering
from these Au�SiO2 antennas, they could monitor
the hydrogen uptake and release in the Pd film at the
individual smart dust particle level. Based on this proof-
of-principle, the authors predict that, by combining
their approach with two-dimensional imaging and
spectroscopic techniques, synchronized mapping
and chemical sensing on several smart dust particles
in parallel can be achieved.

Taking this idea one step further, Gschneidtner
et al.64 have developed a method that enables finely
tuned electrostatic self-assembly mediated attach-
ment of plasmonically active nanoparticles (Au or Ag)

to shape-selected wet-chemically synthesized Pd
nanoparticles with shapes such as cube, octahedron,
or dodecahedron to form heterodimers. This approach
has the particular advantage that the hydride former is
kept pristine as it is not grown onto anothermaterial as
in a core�shell structure. In this way, unwanted strain
effects due to, for example, lattice-mismatch between
a hydride-forming shell and a plasmonic antenna
core can be avoided. Figure 5c shows examples of
the achieved structures together with single-particle
dark-field scattering spectral response for two different
particles as they are exposed to hydrogen gas.

Hybrid Concepts with Alternative Readouts. As men-
tioned in the introduction, the traditional readout
from plasmonic hydrogen sensors is a spectral shift
of the resonance peak induced by hydrogen sorption
in the active material. However, in two examples of
“hybrid” sensing concepts, which are not strictly “di-
rect” or “indirect” by design, alternative readout has
been demonstrated. The first elegant example is the
perfect absorber introduced by Tittl et al.65 (Figure 7a).
In this work, Pd nanowires were nanofabricated on top

Figure 7. (a) Hydrogen sensor basedonperfect absorption. The sensor is designed such that at a specificwavelength total light
absorption occurs. As the sensor is exposed to hydrogen, the condition for perfect absorption is altered by the change of the
dielectric propertiesof thePd in the system, and the sensor starts to reflect light.Adapted from ref 65. Copyright 2011American
Chemical Society. (b) Directional light scattering at different wavelengths (“color routing”) from an ensemble of Au�Pd
nanodisk heterodimer nanostructures used for hydrogen sensing by reading out the hydrogen concentration-dependent ratio
of light scattered to the right and to the left. Reprinted from ref 66. Copyright 2012 American Chemical Society.
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of a Au film covered by a MgF2 spacer layer. Given that
the geometry and material arrangements in the sam-
ple are chosen correctly, it is possible to achieve such a
structure that exhibits almost perfect absorption of a
specific wavelength of light. The sensing function is
then provided by the effect that, as hydrogen is ab-
sorbed into the Pd nanowires, the condition for the
perfect absorption is no longer perfectly fulfilled and
more light is reflected from the sample surface (i.e., no
longer perfectly absorbed). By measuring reflection at
the single wavelength where perfect absorption occurs,
it is thus possible to detect the presence of hydrogen
with high sensitivity. The single-wavelength readout of
a simple reflectivity change is attractive for a real sensor
device as it can be achievedwith very simple optics, that
is, without the need for a spectrometer.

Another example of an alternative plasmonic
hydrogen-sensing strategy with self-referenced single-
wavelength readout is the work by Shegai et al.,66 who
used a nanoplasmonic directional color routing scheme
occurring in heterodimer nanostructures consisting
of a Au and a Pd nanodisk element (Figure 7b). The
technique is based on another work by Shegai et al.,67

where they showed that nanodisk heterodimers can
be designed in such a way that blue and red light is
scattered in different spatial directions. The details of
this color routing effect depend on the chosenmaterials
of the two nanodisk elements in the heterodimer and
the phase shifts between them. Hence, in the case of the
Au�Pd heterostructure used for hydrogen sensing,

as hydrogen is absorbed into the Pd disk, the directional
scattering effect changes and the presence of hydrogen
is detected as a change in intensity scattered to the
left and to the right. The single-wavelength operation
capability of this approach provides the same potential
advantages for real devices as in the case of the perfect
absorber described above.

SPR METAL HYDRIDE DIRECT AND
INDIRECT HYDROGEN SENSORS

Themain three ways to couple light into ametal film
to excite an SPR mode are (i) coupling with a prism,
(ii) coupling with a grating, or (iii) using an optical
waveguide,24 as summarized in Figure 8a. All SPR-
based hydrogen sensors work in principle in the same
way and differ only in how the SPR is excited. The first
hydrogen sensor based on SPR was demonstrated by
Chadwick et al.68 in 1993 and was based on the excita-
tion of SPRs in a Pd film using a prism, in conceptual
agreement with the direct sensing approach. Since
then, several works on SPRs in Pd have been presented
using various ways for excitation: prism,69,70 grating,71

and waveguides.72�74 It is also worth mentioning the
work by Konopsky et al.,75 where they used surface
waves on a photonic crystal coupled by a prism to
study the hydride formation and decomposition in Pd
nanoparticles in the sub-10 nm size range and found
that the sign of the signal they observe depends on the
studied particle size. From this observation, they con-
clude that no phase transition between metallic and

Figure 8. (a) Differentways to couple light to an SPRmode: prismcoupling, grating coupling, or using awaveguide. Reprinted
with permission from ref 24. Copyright 1999 Elsevier. (b) Optical fiber-based SPR hydrogen sensor. Part of the cladding of the
fiber is replaced with an active layer, and as this layer is exposed to hydrogen and transformed into the hydride phase, the
intensity of light transmitted through the fiber is changing and detected. Reproduced with permission from ref 82. Copyright
2013 Optical Society of America. (c) Measurement of the hydrogen uptake and release in a single Pd nanowire obtained by
tracking the excitation of an SPR mode propagating along the nanowire. Adapted with permission from ref 92. Copyright
2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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hydride state takes place for Pd nanoparticles smaller
than 2 nm.
A very practical type of SPR-based hydrogen sensor

for remote sensing is based on optical fibers. They can
be produced by simply removing the cladding of a
section of the optical fiber and adding a material that
interacts with hydrogen (often Pd) to the exposed
section (see Figure 8b). In this way, the light passing
through the fiber excites an SPR mode in the film,
which in turn will affect the transmitted light intensity.
This type of sensor was first presented by Bevenot
et al.76 Since their introduction, research into increas-
ing the sensitivity of fiber SPR hydrogen sensors has
yielded several avenues, including tapering the
fiber77,78 or exchanging the Pd film for multilayer
structures consisting of a bottom layer with better
SPR properties (e.g., Au or Ag) and a top Pd film
separated by a dielectric spacer layer79�83 (see
Figure 8b), in resemblance to the indirect LSPR sensors
relying on nanoparticles.
In the framework of SPR-based hydrogen sensors,

very important investigations to overcome some of the
inherent problems with using Pd as the active hydro-
gen-sensing material are ongoing (we note here that
the same inherent problems also apply to LSPR sensors
based onPd as activematerial). These problems arise (i)
due to cross-sensitivity or poisoning of the Pd by other
gases like, for example, carbon monoxide, and (ii) due
to the hysteresis exhibited by Pd during the hydride
formation/decomposition (see Figure 4a). Because of
this hysteresis, it is not possible to get a one-to-one
relationship between the sensor signal and the hydro-
gen concentration in the gas because the response
of the sensor will depend on whether the hydrogen
content has been increasing or decreasing; that is, it
will depend on the history of the concentration. Both
the hysteresis problem and the cross-sensitivity and
poisoning of the sensor need to be eliminated (or at
least reduced) if a sensor is to be of practical use. One
avenue that is being explored is the possibility to alloy
Pd with other metals. Chadwick et al.84 investigated an
SPR sensor based on a Pd/Ni alloy film to see if this alloy
could better resist poisoning by CO and CH4. Other Pd
alloys, such as Pd/Ag85 and Pd/Au,86,87 have also been
investigated for optical-fiber-based SPR sensors due to
their increased sensitivity at lower hydrogen concen-
trations and due to smaller hysteresis between hydride
formation and decomposition.20 Apart from Pd-based
sensors, hydrogen-sensing layers consisting of ITO,88

WO3
89 or WO3/Pt composite films90 have also been

reported.
In all of the above cases, the SPR is excited in a thin

film. However, SPR can also be excited along extended
nano-objects such as nanowires. Interesting examples
of this strategy applied to hydrogen sensing are the
works by Gu et al., where they study hydrogen uptake
in single nanowires. They show that by using two

tapered optical fibers they are able to excite and
readout the SPR mode propagating along a single
Pd-coated Ag nanowire,91 Pd nanowire, or Pd/Au alloy
nanowire,92 as summarized in Figure 8c. By changing
the hydrogen partial pressure in the gas they can in
this way elegantly measure hydrogen absorption and
desorption isotherms for the single nanowire, reminis-
cent of the single-nanoparticle studies performed
using dark field scattering spectroscopy.

ALTERNATIVE OPTICAL AND PLASMONIC
HYDROGEN-SENSING APPROACHES

The changes in the optical properties of metals as
they form hydrides are not only utilized in plasmonic
hydrogen sensors. Alternative optical hydrogen-
sensing concepts also make use of this fact. Here we
chose to highlight some of the very interesting efforts
in this area because they might prove to be inspira-
tional for the plasmonic hydrogen-sensing field.
A number of sensors that rely on the change in

reflection or transmission of light from/through ametal
film as a hydride is formed have been developed.
A recent example of such a sensor structure was
presented by Ngene et al.,93 who used the hydride
formation in a Pd-capped yttrium film as the sensing
reaction. As illustrated in Figure 9a, by elegantly opti-
mizing interference effects, with these sensors, it is
possible to detect the formation of the hydride by the
naked eye through a distinct color change of the film,
circumventing the need for electronics and external
digital readouts. Moreover, as they discuss, the ability
to fabricate such devices on cheap substrates such as
plastics and paper makes them appealing for dispo-
sable one-time-use hydrogen sensor applications.
They also demonstrate how surface modifications
such as a thin layer of PTFE on top of the hydride
former drastically improve the performance of their
H2 detector in humid and oxygen-rich environment.
Therefore, the device has the potential to be used for
chemical and also biochemical/biomedical H2-sen-
sing applications such as breath hydrogen tests. At a
more general level, their surface modification ap-
proach points out an interesting generic strategy for
how to improve hydrogen sensors based on metal
hydrides, as detailed in another recent work by Ngene
et al.94 In this second study, they investigated the
effect of a thin PTFE coating on a Pd-catalyzed
hydrogen sensor and observe a greatly enhanced
response time of sensors with this coating compared
to without.
Similarly, thin-film-based devices can also be pro-

duced on the tip of an optical fiber, which provides
an easy way to introduce the sensor into the desired
environment while, at the same time, carrying out
a reflection measurement. These kinds of optical fiber
tip sensors were first introduced by Butler95 and have
since then matured greatly, as illustrated by the work
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by Slaman et al.,96,97 where magnesium-based alloys
were used.
As the final two examples, we highlight two recent

studies of the hydride formation in wet-chemically
synthesized Pd nanocubes. The first onewas presented
byBardhan et al.,98who relied onmonitoring changes in
the luminescence intensity, proportional to the hydro-
gen concentration as they propose, from Pd nanocubes
illuminated by a laser to investigate the hydride forma-
tion thermodynamics and kinetics of ensembles of Pd
nanocubes of different sizes. The same system of Pd
nanocubes was then also studied at the single-particle
level by Baldi et al.99 (Figure 9b). In their work, in situ

electron energy loss spectroscopy is used to excite and
track the plasmon resonance of individual Pd nanocubes
in an environmental transmission electron microscope,
where theparticles canbeexposed tohydrogengas in the
few millibar pressure range. In this way, by tracking shifts
of the bulk plasmon resonance excited by the irradiated
focused electron beam, Baldi et al. were able to measure
isotherms of individual Pd nanocubes in the sub-30 nm
size range down to 13 nm and find a size-dependent
width of the hysteresis between hydrogen sorption and
desorption. Theyexplain this effect in termsof lattice strain
induced in the particle by excess hydrogen in a 1 nm thin
surface shell,which suppresses the two-phase coexistence
typically observed in bulk Pd�H systems. The elegance

of their approach lies in the fact that they are able
to structurally characterize their specimen by means of
transmission electron microscopy and, at the same time,
characterize its hydrogen sorption characteristics in the
same instrument with single-particle resolution.

CONCLUSIONS

Plasmonic hydrogen sensors demonstrate signifi-
cant potential to both help advance our understanding
of metal�hydrogen interactions at the nanoscale and
as a future technical solution for hydrogen detection in
a hydrogen economy, in the chemical industry, as well
as in health care and food industry. They utilize SPR/
LSPR excitations as the signal transducer for all-optical
readout by tracking shifts or intensity changes of the
plasmonic scattering or extinction “peaks”. This work-
ing principle constitutes one of the concepts' main
advantages since it is risk-free to use in flammable and
explosive hydrogen environments as no sparks can be
generated by the all-optical readout, in stark contrast
to electrical readout solutions. Another key advantage
of plasmonic hydrogen sensors is the demonstrated
potential for sensorminiaturization down to the single-
nanoparticle level. This unique possibility has been
proven to be of relevance also from amaterials science
perspective when it comes to the use of plasmonic
hydrogen sensors in fundamental studies with the

Figure 9. (a) Eye-readable optical hydrogen sensors based on interference in thin Y films. As the film is transformed to various
hydride states, its optical properties change, which induces a change in the interference conditions and therefore a change
of the perceived color of the sensor. The effect can be engineered by tailoring the thickness of the Y film. Adapted with
permission from ref 93. Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Hydrogen absorption and
desorption isotherms for individual single-crystalline Pd nanocubes measured in an environmental transmission electron
microscope used to excite and readout energy shifts of plasmonmodes in the Pd cubes by electron energy loss spectroscopy.
Adapted by permission from ref 99. Copyright 2014 Macmillan Publishers Ltd.
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purpose of generating deeper understanding of
hydride formation processes in metal nanoparticles.
The key point of such single-particle experiments is the
efficient complete elimination of ensemble-averaging
effects and artifacts in the material response to hydro-
gen, which is very difficult to achieve with other
experimental techniques, especially without the need
for low temperatures or low pressures.
When it comes to the use of the sensors for gas-

sensing applications, to date, SPR-based sensors are
moremature than their LSPR-based counterparts. How-
ever, for the latter type, during the past 5 years, a large
number of different solutions and arrangements that
exploit plasmonic nanostructures consisting of differ-
ent materials, shapes, and sizes have been presented.
To further advance these concepts, we foresee that
theoretical modeling has an important role to play
in suggesting future directions for optimized sensor
nanostructure design for improved sensitivity. This is
to some extent already happening, as exemplified on
the plasmonic dimer sensor structures proposed by
Tittl et al.55 and later verified by Syrenova et al.57 and on
the work by Kumar et al.,100 who theoretically suggest
Pd adjoined split-ring resonators for superior sensitivity
plasmonic hydrogen sensors.
A more general look into the future, in our opinion,

sees significant efforts in thedirectionof sensor stability
and selectivity to make it possible for SPR- and LSPR-
based hydrogen sensors to reach commercial applica-
tions. Thismeans that issues like long-term stability and
cyclability, cross-sensitivity to other gas species present
in the sampled gas, as well as protection from poison-
ing of the active sensor material by molecular species
present in the sensor's working environment have to be
addressed. Fortunately, efforts in this direction in re-
lated fields where metal hydrides are used as active
material for hydrogen detection show that many of
these problems can be overcome by the use of alloys
instead of Pd as active material and by applying
different types of coatings to prevent the poisoning
species from reaching the active material. Therefore, it
is of critical importance to get inspired by these efforts
and to test and implement such concepts also in
nanoplasmonic hydrogen sensors to take them to the
next level and closer to real applications. The engineer-
ing of hysteresis during hydride formation to eliminate/
minimize sensor readouts that depend on the history of
the sensor is another challenge that has to be tackled,
for example, by engineering the properties of the active
material in the sensor by alloying with other elements.
Finally, we also want to note that more focus should be
put on the improvement of sensor resolution and
detection limits in the low hydrogen concentration
regime. Specifically, this means to focus efforts toward
the detection of hydrogen concentrations at levels
where the common active material Pd does not form
ahydride at ambient conditions and thus remains in the

R-phase where both volume expansion and changes in
the dielectric properties of Pd are very small.
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