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Netherlands
2Research Institute of Energy Frontier, National Institute of Advanced Industrial Science

and Technology (AIST), Tsukuba West, 16-1 Onogawa, Tsukuba, Ibaraki 305-8569, Japan

Hydrogen is playing a key role in the transition to a sustainable economy and in a variety of
industrial processes. For its safe handling, the detection of hydrogen in a fast, reliable and
accurate manner is crucial. Thin film metal hydride based optical hydrogen sensors provide
an attractive option to sense hydrogen in a variety of conditions and have an attractive safety
benefit over other methods of detection: They do not require the presence of electrical leads
near the sensing area. These sensors rely on a change of the optical properties arising from
a change in the hydrogenation of the metal hydride sensing layer in response to a different
partial hydrogen pressure in the environment of the sensor. In this paper, we review how
the performance and characteristics of an optical hydrogen sensor is related to the material
properties of the metal hydride sensing layer and we discuss previously considered materials

and challenges and opportunities left for the future.

1. Introduction

The transition to a sustainable energy system requires an increasing role for hydrogen as
a transportation fuel, storage medium, and as a feedstock for the chemical industry."? As
hydrogen is highly explosive in air, any leakage should be detected well before the explosive
limit of about 4% is reached. Furthermore, the monitoring of the hydrogen concentration and
pressure in a gas grid or in hydrogen storage systems is vital for its operation. Therefore,
reliable hydrogen sensors are required to sense hydrogen accurately and hysteresis-free over

a wide range of partial pressures and in a variety of chemical environments and gas mixtures

“1.j.bannenberg @tudelft.nl and b.dam @tudelft.nl
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(see, e.g., Refs.>® for recent reviews).

At present, the detection of hydrogen is mainly carried out using catalytic resistor de-
tectors or electrochemical devices. These systems are relatively large and expensive, require
regular calibration and the presence of oxygen. Moreover, the current leads are a possible
explosion hazard. For the automotive industry, sensors based on changes in the thermal con-
ductivity were developed. Although these sensors do not require the presence of oxygen, they
have the major drawback that they can only operate in a limited pressure range.>”®

Alternatively, optical changes occurring upon hydrogenation of some metals allow for the
development of optical fiber based hydrogen sensors. The principle behind these sensors is
simple: a change in the partial hydrogen pressure emanates in a change of the hydrogenation
of the metal hydride, which in turn changes the dielectric function and thus the optical prop-
erties of the metal hydride sensing layer. As such, these sensors benefit from the fact that they
do not require the presence of electrical leads in the area of measurement.>-%°-19

In the past decades, hydrogen detection schemes have been developed for metal hydrides
using either intensity modulation or frequency shifts in the optical transducer. In principle,
the latter type, which makes for example use of a shift of the Localized Surface Resonance
Peak!®!® or wavelength modulation using fiber Bragg gratings,'>!? is more reliable since
this type of sensor is insensitive to intensity fluctuations of the light source. Moreover, the
contrast/resolution is largely decoupled from the amount of material used, which allows one
to limit the absolute amount of hydrogen absorbed such that shorter response times can be
achieved. However, the implementation of such devices is typically more complex and cost-
intensive as compared to sensors based on intensity modulation, which sometimes can even
be read by the naked eye (Fig. 1). In the latter case, one makes use of the change in color ob-
tained on hydrogenation, which is enhanced by making use of properly designed interference
effects.?”

More common is to measure the change in reflection of a metal hydride deposited at
the top of an optical fiber. In such a micro-mirror configuration (Fig. 2), modulated light is
guided through an optical fiber and reflected by the metal hydride sensing layer deposited at
the top of the fiber. The intensity of the reflected light is monitored by a photodetector.'!-?
The signal obtained corresponds to the equilibrium between the ambient hydrogen pressure
and the hydrogen absorbed by the metal: The amount of hydrogen absorbed is determined
by the thermodynamics, while the resulting changes in the dielectric function give rise to the

contrast in the optical signal.

In this paper, our focus is on the behavior of metal hydride based optical hydrogen sensors
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Fig. 1. (Color online) Apparent colors of a Pd capped Y film deposited on and viewed through a quartz
substrate showing the effect of the Y thickness on the observed color at the different hydrogenation states. In
the as-prepared state (a) the film has never experienced a pressure large than Py, = 0.5 Pa. When the pressure
exceeds this value the dihydride YH,; state (c) is obtained, while for Py, > 10 Pa the trihydride YHj; state
(d) is found. Note, that after exposure to Py, > 10 Pa, Y dehydrogenates under normal conditions to the YH; o
state. However, due to the hysteresis, this color is only obtained when the partial hydrogen pressure is well
below Py = 0.5 Pa. The Pd capping layer is 50 nm thick, i.e. much thicker than usual (5-10 nm), to enhance
the interference effect. Pictures were made at room temperature using a 50 W halogen lamp light source and a
Sony 3CCD camera. This figure is reproduced from Rev.2? with modifications. © [2013] WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

having a continuous thin film geometry and using intensity modulation as a readout. While
also materials such as WOj3 have been considered for hydrogen sensing applications,'>?" we
restrict ourselves here to metal hydrides and formulate design rules for their use in such de-
vices. Nevertheless, the principles and physics we discuss to choose the appropriate material
are largely applicable to all types of optical metal hydride based hydrogen sensors and highly

relevant to metal hydride based sensors based on changes in the electric resistivity.>

2. Metal Hydride Basics

The absorption of hydrogen by a metal depends on the temperature and gas pressure and
is described by the Pressure-Concentration-Isotherm (PCI) of which an example is provided,
together with the archetype metal-hydride phase diagram, in Fig. 3(a). Typically, at low hy-
drogen pressures Py;, hydrogen is present in a diluted solid solution with a relatively small
hydrogen-to-metal ratio H/M, the so-called a-phase. As the pressure increases, hydrogen
continues to be absorbed until elastic H-H interactions become dominant and a S-hydride
phase starts to nucleate. The subsequent growth of the S-phase occurs at a constant pressure
at the expense of the a-phase. This first order phase transition is observed as a plateau in
the PCI diagram. When all of the a-phase is transformed into the S-phase, the pressure rises

again with a continuous increase of the hydrogen content in the S-phase. The hydrogen pres-
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Fig. 2. (Color online) Schematic representation of a micro-mirror optical hydrogen sensor. The light, originat-
ing from the light source, is coupled into the fiber and transported to the tip of the optical fiber sensor. The light
is partially reflected by the layer stack deposited on the tip of the fiber (see inset) and then passed back through
the fiber and the splitter. The signal is subsequently measured by a photodetector as e.g. a charge-coupled de-
vice (CCD). Upon a change in hydrogen pressure, the hydrogenation of the sensing layer (30-100 nm) changes,
which in turn results in a change of the optical properties and thus the amount of light reflected by the layer stack
and detected by a photodetector. The sensing layer is cleaved to the substrate by a 3-5 nm adhesion layer that is
often made of Ti. A capping layer (typically Pd or a Pd-based alloy) is used to prevent oxidation of the sensing
layer and to catalyze the hydrogen adsorption. This 5-10 nm capping layer is coated with protective polymeric
layers as e.g. PTFE and PMMA to protect the Pd layer from being poisoned by harmful chemical species and
to further enhance the kinetics of the sensor. Some hydrogen sensors integrate the sensing and capping layer by

using a Pd-based alloy (see §3). The figure is not to scale.

sure at which the @ — g phase transformation takes place, is called the plateau pressure ppja.
The plateau disappears completely above the critical temperature T where the a-phase ex-
ists as an extended solid solution phase. While the above description is valid for a wide range
of metal hydrides such as the archetype metal hydride Pd and frequently studied Mg, other
metals such as Ti, Hf, and Ta exhibit more complex phase diagrams that include additional
phases (see §5).

The first order @ — (8 phase transition can be used to design hydrogen threshold detectors.
These detectors take advantage of the abrupt change in the optical transmission at the plateau
pressure of the coexistence region owing to the sudden increase of H/M. However, a sizable
hysteresis of the plateau pressure must be taken into account. For sensor applications it is
typically preferred to keep the metal in a single phase as it allows the design of device in
which the optical signal changes continuously and hysteresis-free with pressure.

The readout of metal hydride based sensors and detectors depends on temperature. In gen-
eral, at higher temperatures less hydrogen is absorbed. This implies that the temperature of a

metal hydride based sensor needs to be monitored to compensate for the temperature depen-
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Fig. 3. (Color online) Temperature T and hydrogen-to-metal H/M ratio phase diagram of a typical metal
hydride and examples of Pressure-Concentration-Isotherms (PCIs). The a-phase is a diluted solid solution in
which hydrogen is typically present in low concentrations. The S-phase is the high hydrogen concentration
hydride phase that coexists at intermediate H/M with the a-phase. Above the critical temperature ¢, no phase-
coexistence (and corresponding first-order phase transition) occurs and only a a-phase exists as an extended
solid solution phase. The blue lines and the right axis indicate PCIs. At low and high H/M, the equilibrium
pressure peq is at a given temperature monotonically increasing in H/M. In the region of phase coexistence,
a plateau is seen at the plateau pressure ppia, Which shifts with increasing temperature to higher pressures. (b)
Example of a Van ‘t Hoff plot that can be used to obtain the enthalpy AH and entropy AS . By plotting the natural
logarithm of the normalized equilibrium pressure at a given H/M ratio as a function of the inverse temperature,
AH and AS o may, according to Van ‘t Hoffs equation (eq. 1), be obtained from the slope and intercept of a linear

fit through the points, respectively.

dence of pyy (threshold detector) or the equilibrium pressure p.q (sensor). The temperature

dependence of py, in a threshold detector is given by Van ‘t Hoft*s equation:

peq _ AH ASO
po RT R’
where p, is the standard pressure, R the gas constant, T the absolute temperature and AH

In ey

and AS are the enthalpy (kJmoly;}) and entropy (JK™'moly}) of the hydrogenation reaction,
respectively. For most metal hydrides, the entropy change is mainly determined by the loss
of entropy when the gaseous H, molecule is dissociated and adsorbed by the metal, i.e. AS
= AS = 130.7 JK 'moly}. However, vibrational and configurational entropy differences
between the solid @ and S phases do play a role, as shown by the value measured in Pd: AS
= -94 JK~'molg}.*? In general, in a solid solution, the behavior of the enthalpy and entropy
as a function of the hydrogen concentration is only phenomenologically understood.

To select a proper sensing material, one may search for the thermodynamic data collected

on bulk powders. These enthalpy and entropy values are usually quoted far above room tem-
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perature. To calculate pq at lower temperatures one uses the Van ‘t Hoff equation. As illus-
trated by Fig. 3(b), by extrapolating the logarithm of the equilibrium pressure as a function of
the inverse temperature, the enthalpy and entropy of the hydride formation are calculated and
the low temperature equilibrium plateau pressure may be obtained. This method also applies
to solid solutions, where the hydrogen content is a monotonically increasing function of the
pressure. In this case, one needs to make sure that the p.,’s at different temperatures are mea-
sured at exactly the same H/M ratio. These hydrogen concentrations can be found through

e.g. nuclear reaction analysis?® or neutron reflectometry.?

3. Design of the hydrogen sensor

As shown in Fig. 2, optical hydrogen sensors are typically composed of several metal hy-
dride layers. These metal hydride films are usually obtained by sputtering or evaporation of
the corresponding metal. The first and most frequently considered sensing material is Pd and
alloys thereof. Besides absorbing hydrogen without the need of a catalyst, Pd has a variety of
attractive hydrogen sensing properties: it offers a relatively large optical contrast over a mod-
est sensing range of partial hydrogen pressures of Py, = 10*! - 10™ Pa at room temperature
with response times that can be in the order of seconds. However, its applicability is limited
by the substantial hysteresis originating from the first order transition from dilute a-PdH, to
the higher concentration PdH, S-phase. Therefore, alloying has frequently been employed to
lower T¢ and suppress the first order transition to obtain reproducible sensing characteristics
(See §5.1).

A wider range of sensing materials can be obtained by applying Pd-based capping layers
on top of another metal hydride and in this way separate the hydrogen sensing and dissoci-
ation functionality. In such sensors, the Pd layer takes care of the hydrogen dissociation and
the bottom sensing layer mainly determines the optical sensing properties. In this case, the
Pd layer does not only catalyze the hydrogen (de)sorption of the sensing layer but also acts
as a selector, preventing deactivation of the sensor by e.g. the oxidation of the sensing layer.
Based on experience, sufficient protection is already provided by a relatively thin (5-10 nm)
Pd layer.

A problem with Pd-capped sensors is the limited hydrogen solubility at relatively low
hydrogen pressures which causes long response times. To combat this, Pd-capped hydro-
gen sensors are typically operated at increased temperatures (typically 90-150 °C) where the
hydrogen mobility is substantially larger than at room temperature. Alternatively, one may

increase the hydrogen solubility at low hydrogen pressures by alloying the Pd capping layer
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Fig. 4. (Color online) Effect of sputtered PTFE on the kinetic properties of two 40 nm Hf thin films capped
with a 10 nm Pd layer with and without an additional PTFE layer. The two films were simultaneously exposed to
a constant hydrogen pressure of Py = 1 Paat 7 = 28 °C. The white-light optical transmission 7~ is normalized

to the transmission of the unloaded states 7,,,;. Data adapted from Boelsma et al. (2017).

with elements like Au, Ag, and Ta and in this way promote the (de)sorption kinetics.

The catalytic Pd surfaces are prone to poisoning by humidity and chemical species such
as NO, and CO, all omnipresent in atmospheric conditions.?>~?® To improve the reproducibil-
ity of the signal in realistic sensing environments, protection layers are needed to keep the
Pd surface active. Polytetrafluoroethylene (PTFE) effectively reduces the poisonous effect
of humid air. Interestingly, as shown in Fig. 4, PTFE also positively affects the kinetics of
the absorption and desorption processes process.?*2”-2%) For this effect both electrostatic and
surface catalytic effects were proposed.”® Another well-known poisonous adsorbent is CO
for which a combination of PTFE and poly(methylmethacrylate) (PMMA) was developed
as a protection layer.?” In fact, such polymeric capping layers allow for the application of
optical hydrogen sensors in oily liquids such as employed in high-voltages transformers.>”
Furthermore, protection against deactivating chemical species can also be achieved by alloy-
ing the Pd capping layer (or alloys of Pd) with suitable elements as e.g. Cu to prevent CO
poisoning.?®

In the past, Pd-based sensors had a limited cycle lifetime. Due to hydrogenation, thin
films may expand up to 30 % in volume resulting in delamination of the film upon repeated
cycling.3"-3? To prevent this, 2 - 5 nm thick intermediate layers are used to improve the at-
tachment to the support. Titanium, which is under normal conditions immiscible with Pd, was
found to stabilize the sensing layers leading to a stability of over hundreds of cycles.?-339
While delamination is prevented in this way, the confinement of the film to the substrate re-

sults in stress and plastic deformation upon hydrogenation of the layer.’?3% Both effects
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induce deviations from the expected equilibrium plateau pressure and the hysteresis therein.
Interestingly, the amount of plastic deformation is less in nano-structured thin films. On the
other hand, in continuous films, stress may increase the critical temperature which favors
a hysteresis-free behavior.’>*-4 However, the plastic deformation of the film upon hydro-

genation may also be a source of hysteresis. 339

4. Finding the right sensing material

Although optical hydrogen sensors typically make use of changes of the optical reflectiv-
ity of a sensing layer (see Fig. 2), most experimental studies in the field of optical hydrogen
sensors have been performed by measuring the optical transmission. The reason for this is
simple: measuring the optical transmission in e.g. a hydrogenography set-up*? is in general
much more practical and also allows one to evaluate the thermodynamics and kinetics of po-
tential hydrogen sensing materials. Importantly, the changes in optical transmission provide
information about the responses of the dielectric function to changes in hydrogenation. Data
and knowledge about this is scarce, making it difficult to a priori predict and select materials
with a suitable optical contrast. An additional advantage of optical transmission studies is the
possibility to measure a large number of samples simultaneously or to investigate the optical
transmission over large area films with controlled composition and/or thickness gradients.
Such gradients can be created by co-deposition from two, three or more off-centered metal
sources.*? These techniques facilitate the identification of the most suitable composition and
layer thickness for sensing applications in a matter of days. It is important to note that optical
transmission methods are not confined to materials showing a metal-insulator transition on
hydrogenation: metals such as Pd and Hf can be studied in transmission as long as the layer
is sufficiently thin (< 100 nm).

When using optical transmission measurements, knowledge of the relation between the
optical transmission and the hydrogen content is vital to be able to understand the thermo-
dynamics of the sensing material. Lambert’s Law relates the transmittance 7~ of a sensing
material, i.e. the ratio of the transmitted intensity (or radiant flux) I to the initial intensity I,
to the wavelength-dependent attenuation coefficient u(x, 1) and thickness of the sensing layer

z. In its most basic form, it can be written as:

I
T(rd2) =72 = o, @
0

where we assume that the attenuation coefficient u(x, A4) is uniform across the thickness of the
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sensing layer.

For a two phase system with limiting compositions x; and x, the optical signal is deter-
mined by the attenuation coeflicient of the low-hydrogen concentration a-phase y;(x, 1) and
the attenuation coefficient of the high hydrogen concentration S-phase 1, (x, 4). In accordance

with Beer’s law, the attenuation coeflicient of the two-phase material equals:

pCx, ) = (1 = PHn(x, ) + fra(x, D), 3)

where f is the fraction of the high hydrogen concentration phase. Substituting eq. 3 in eq. 2

and using f = (x — x1)/(x, — x1) = Ax/(x, — x1), one obtains:

Ax

T(X, /L Z) — e—pl(xl ,/I)Ze_z(l’lz(XZs/l)_ﬂl(xl A) E=n (4)

Recognizing that 7 = e #11Y% {5 the transmission of the a-phase, one can rewrite eq. 3 as:

Z
X2 — X1 (5)

= —c(D)Axz,

A
In (%) = —(U2(x2, ) — 1 (x1, ) a
0

where c(A) is a wavelength-dependent constant.

Equation 5 is a surprisingly simple result: it shows that there is a linear relationship be-

7@

Ty ) for a two phase system.

tween the change in hydrogen content of the sensing layer and In (
This result only holds provided that the two phases are randomly distributed, have a constant
hydrogen content (e.g. the total hydrogen content may only vary as a result of changing phase
fractions and not as a result of different hydrogen content of the two phases itself or the dis-
tribution of the two phases), and the size of the domains is reasonably small.

Besides to two-phase systems, eq. 5 has been widely applied to solid solutions, albeit
strictly speaking not valid for the absorption of hydrogen within one phase. In fact, eq. 5 only
holds when the effect on the attenuation coefficient of hydrogen sorption is independent of
the hydrogen concentration within the metallic host.

Although this sounds like a rather crude assumption, the empirical results for one phase
systems show indeed often a linearity.?-3343%5 Figure 5 depicts the relation between the
hydrogen content as a function of the white-light optical transmittance for three hydrogen
sensing materials with a large solubility range within one phase: Pd-capped Hf and Ta***® as

well as Pdy;Aug 3.>> These materials all show a linear dependence of the transmission on the
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Fig. 5. (Color online) The hydrogen-to-metal ratio H/M as a function of the optical contrast for a Pd-capped
40 nm Hf thin film (120 °C), a Pd-capped 40 nm Ta thin film with a 4 nm Ti adhesion layer (90 °C) and a 40 nm
Pdy.7Aug; thin film with a 4 nm Ti adhesion layer (28 °C). The change of the white light optical transmission 7~
was measured relative to the unloaded state for Hf and the as prepared state for Ta and Pdy7Aug 3. Data adapted
from Bannenberg et al. (2019).4®

hydrogen content, either in a positive (e.g. Pd) or a negative (e.g. Hf and Ta) sense.

The fact that the linearity holds over such a large range of hydrogen contents is most sur-
prising. It calls for a more advanced approach including an experimental and computational
study of the dielectric functions of metal hydrides for various hydrogenations and a complete
modeling of the thin-film systems. Efforts have already been made in this direction. Partic-
ularly noteworthy are the experimental results reported in Refs.,**4” which indeed indicate
for various metal hydrides a linear dependence of the real and imaginary component of the

dielectric constant over a wide wavelength and hydrogen content range.

5. Rational choice of sensing materials

In this paper, we focused on the material properties of metal hydrides in relation to the
optical hydrogen sensor’s performance and functionality with the overall aim to develop a
hysteresis-free sensor that responds to a hydrogen pressure in a quick and reliable way over
a wide pressure range and in a variety of chemical environments. Table I relates these de-
sired properties to material properties of a metal hydride and other design choices. From this
table, it becomes apparent that although e.g. a strong dependence of the dielectric function
on the hydrogen content improves the resolution without compromising other characteristics,
other properties are strongly interrelated. For example, a small increase of the hydrogen con-
tent with a changing hydrogen pressure is desired to obtain a large sensing range, which at
the same time compromises the resolution with which one can determine the hydrogen pres-

sure. As a result a one-size-fits-all hydrogen sensor is probably not possible and tailor-made
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sensing solutions need to be developed.

Generally speaking, two approaches have been used to develop these hydrogen sensors
with desirable properties: (i) materials in which the hydrogen dissociation and optical re-
sponse are integrated as e.g. (alloys) of Pd and (i1) materials that separate the hydrogen disso-
ciation functionality from the optical response as e.g. Pd capped transition metals. We provide
examples of both approaches below and discuss how certain materials were rationally chosen

and altered to improve the performance of the hydrogen sensor.

5.1 Hydrogen sensors with integrated hydrogen sensing and dissociation functionality

The first and most frequently considered material for hydrogen sensors is Pd as it can
readily absorb hydrogen at room temperature without the need of a catalyst and its resistance
to oxidation (see §3). It has a set of attractive sensing properties, including a relatively large
optical contrast and a modest sensing range of Py, = 10*! - 10** Pa at room temperature and
response times that can be in the order of seconds. However, its applicability is limited by
the considerable hysteresis resulting from the first-order transition from the dilute a-PdH, to
the higher concentration PdH, S-phase, that can only be avoided by increasing the operating
temperature beyond 7¢ ~ 290 °C, which is impractical for most applications.

Alloying of Pd has often been employed to lower 7¢ and suppress the first order transi-
tion. Most frequently, Pd alloys with Au,34® Ag * Cu?® and Ta’” were considered. The
sensing characteristics of these materials are largely similar: As exemplified in Fig. 6 for the
case of Pd,_,Ta,, increasing the concentration of the dopant concentrations decreases the crit-
ical temperature, and, for high enough concentrations, the first-order transition is completely
suppressed and the unwanted hysteresis is (largely) eliminated. In addition, the doping of Pd
by these elements typically results in a larger unit cell, which enables hydrogenation at lower
hydrogen pressures, thereby extending the sensing range to lower pressures. In the case of
Pd;_,Au,, an impressive sensing range of at least Py, = 10° - 10*® Pa at room temperature
has been demonstrated,* and this range likely extends to even higher pressures, making it so
far the material of choice to probe relatively high hydrogen pressures. However, the enlarged
sensing range and reduced hysteresis come at the cost of a substantially reduced optical con-
trast originating from the reduced hydrogen content of the sensing layer. Moreover, a small
hysteresis can still be discerned as a result of stress-induced effects arising from the clamping
of the film to the support. As such, the volumetric expansion of the cubic unit cell manifests
itself as an increase of the thickness of the thin film. These effects can be avoided by using

a discontinuous film geometry (e.g. arrays of nanoparticles deposited on a support) in which
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Fig. 6. (Color online) Pressure-Transmission-Isotherms (PTIs) of Pd;_,Ta, films measured at T = 30 °C dur-
ing the fifth hydrogen absorption and desorption cycle. The white-light transmission 7~ was measured relative
to that of the as-prepared film 7 ,,.,. For lower Ta concentrations hysteresis between hydrogen absorption and
desorption is observed whereas at higher Ta concentrations the hysteresis disappears. The concentration of Ta
in the alloy (atomic %) is indicated at the top of the corresponding isotherms. Data adapted from Westerwaal et
al. (2012).%9

stress can be released as the unit cell can expand both in the in- and out-of-plane directions

of the film.?>

5.2 Hydrogen sensors with separate hydrogen sensing and dissociation functionality

The efforts to develop hydrogen sensors with separate hydrogen sensing and dissociation
functionality may roughly be divided in two classes of materials: (i) highly transparent Pd-
capped metal hydrides such as Mg-based alloys and Y and (ii) Pd-capped transition metals
such as Hf and Ta. The idea behind using Mg**>1->> and Y?¢-3¢57) is simple: both materials
display a metal-to-insulator transition upon hydrogenation, which is accompanied by a pro-
found change of their optical properties. As a result, a sensor can be developed with a high
optical contrast, and potentially, a high sensitivity. Unfortunately, Mg has a phase diagram
similar to the one shown in Fig. 3(a) and thus a substantial hysteresis is observed on (de-
)hydrogenation. In addition, it is only sensitive to H, within a narrow pressure range around
Ppiac and thereby is best used as a hydrogen detector.

Alloying of Mg with e.g. Ti, Ni and Ni-Zr helps to increase the pressure range of the sen-
sor.4>31:52.34.55) Although the Mg-based alloys typically exhibit a much larger sensing range
than Mg, up to Py = 107! - 10*? Pa for Mg;_,_.Ni,Zr, at room temperature, they still have
a sizable hysteresis.”® Alternatively, one may vary the layer thickness of a Pd-capped Mg
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Fig. 7. (Color online) (a) Design of an eye-readable hydrogen sensor based on a Pd-capped Mg thin film with
a varying Mg thickness. The sample consist of a wedge of Mg with varying thickness along the x-direction. The
Mg wedge is sandwiched between a 40 nm Pd-capping layer and a 3 nm Ti-adhesion layer deposited on a 70 X
5 x 1 mm?® glass substrate. The white light optical transmission is measured with a 3CCD camera. (b) Images
of the sample when it was exposed to different increasing partial hydrogen pressures of Py, = 12 - 4,000 Pa at
room temperature. Mg has a metal-to-insulator transition when it hydrogenates to MgH,, thus becoming highly
transparent upon hydrogenation. The sensor makes use of the profound thickness dependence of the plateau
pressure of Mg thin films, which ensures that the metal-to-insulator transition occurs at different pressures. The
Mg layer thickness and hydrogenation pressure are reported at the top. This figure is reproduced from Rev.>®
with modifications. © [2010] Elsevier.

film.> Decreasing the thickness of Mg films lowers the enthalpy of hydrogenation signif-
icantly due to the increasing contribution of the interface energy.®® This effect has been
exploited to create a Mg based sensor that is sensitive in a range from 12 - 4,000 Pa that
can even be read by the bare eye (Fig. 7). However, Mg-based materials form extremely sta-
ble hydrides and thus exhibit slow desorption kinetics, typically only dehydrogenating in the
presence of oxygen. Therefore, these sensors can in practice only be used as a single-use
indicator of the highest hydrogen pressure that was present in the environment of the sensor.
A similar eye-readable sensor was demonstrated by means of a composition gradient in Y-Zr
thin films.>”

Another route to widen the scope of hydrogen sensing materials is to consider Pd-capped
transition metals. By considering metals with a large hydrogen solubility within one phase,
hysteresis arising from a first-order transition is simply circumvented. Tantalum is such a ma-
terial: Above its modest critical temperature of T = 61 °C in bulk, a large solubility range
exists within a distorted body centered cubic phase that extends up to TaH 7.4*%%9 The sens-

ing properties of Ta are indeed largely favorable: it enables a well-defined and reproducible
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Fig. 8. (Color online) Comparison of the sensing range and optical contrast for a Pd-capped 40 nm Hf thin
film (120 °C), a Pd-capped 40 nm Ta thin film with a 4 nm Ti adhesion layer (120 °C) and a 40 nm Pdy;Auq3
thin film with a 4 nm Ti adhesion layer (28 °C). The change of the white light optical transmission is measured
relative to the unloaded state for Hf and the as prepared state for Ta and Pdy;Aug 3. Note that the slope of the

curves for Hf and Ta are inverted. Data adapted from Bannenberg et al. (2019).43

optical signal that is free of hysteresis over an extensive sensing range of Py, = 1072 - 10™* Pa
at 120 °C, making Ta especially well-suited for detecting relatively low hydrogen pressures
(Fig. 8). The optical contrast is large as compared to e.g. Pd-alloy hydrogen sensors (Fig.
8), allowing for the development of a high resolution hydrogen sensor. The large contrast is
mainly due to the substantial change of x in TaH, with a change of Py, i.e. a large value of
dx/dPy;. In fact, the contrast can be further optimized by selecting the wavelength at which
the change in the optical properties is maximum (Fig. 9). However, the relatively large quanti-
ties of hydrogen that have to be dissociated and diffused through the film negatively influence
the response time.

Hafnium is another example of a transition metal that has advantageous hydrogen sensing
properties.?”*? Although at first sight the phase diagram makes Hf look rather unsuited for
hydrogen sensing applications due to the first-order phase transitions (Fig. 10), Hf can be
used to hysteresis-free detect hydrogen: Structural measurements of Hf show that the @« — ¢
is irreversible under normal conditions, while the & — € transition is coherent in nature for
thin films. The latter transition is included in the solubility range of HfH, 4 - HfH, in thin
films in which a highly reproducible and hysteresis-free change in optical transmission in
response to a hydrogen exposure is obtained over at least six orders of magnitude in pressure.

Special of Hf is the linear relationship between In(7 /7) or x in HfH,, on the one side,
and the logarithm of the pressure over at least six orders of magnitude in pressure, on the other

side. It implies that the hydrogenation enthalpy AH is independent of x, while AS decreases

14/27



12 T T T T
600
500
111 650
g 1 700 >~
& 750 3
~ 09 —
[ 800
850
0.8F T=28°C 3(5)8
P.,=102Pa | 5000
07 1 1 1 1

0 10 20 30 40 50
Time [min]

Fig. 9. (Color online) Wavelength dependence of the changes in reflectivity of a Pd-capped 40 nm Ta thin
film with a 4 nm Ti adhesion layer. The thin film was exposed to a constant hydrogen pressure of Py, = 100 Pa
at room temperature. The reflectance R is measured relative to the reflectance of the as-prepared state R,ep.
Data adapted from Boelsma (2017).39
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Fig. 10. Phase diagram for bulk hafnium-hydrogen after data from Mintz.°" @, 6 and € indicate the hexagonal
closed packed (hcp), face centered cubic (fcc) and face centered tetragonal (fct) phase. The shaded area indicates
the region of the phase diagram where the hydride formation pressure exceeds 0.1 MPa in bulk. The inset shows
a more detailed phase diagram for 1.72 < x < 1.92. Although at first sight the phase diagram makes Hf look
unsuited for hydrogen sensing applications due to the first-order phase transitions, Hf can be used to hysteresis-
free detect hydrogen. The @ — ¢ is irreversible under normal conditions and the § — € transition is coherent in

nature for thin films. This figure is reproduced from Rev.*® with modifications. © [2019] Elsevier.

linearly with increasing x to substantially negative values (see eq. 1). Although the origin
of this remarkable thermodynamic behavior is not yet understood, it is extremely useful for
hydrogen sensing applications: a change in temperature uniformly shifts the optical signal to
different pressures, facilitating an easy calibration of the hydrogen sensor.?” Note, that the
entropy values derived from the Van ‘t Hoff analysis yield values in the range between 180

-240) .K‘lmol;é. This would counter-intuitively imply that in this compositional range the
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Fig. 11. (Color online) Pressure-Composition-Isotherm (PCI) of bulk powder Hf measured during the second
exposure to hydrogen at T = 350 °C. The 3.3 g Hf powder sample (sponge) was located inside a stainless steel
tube which was first evacuated for 20 min. Subsequently, the pressure inside the tube was increased to Py, =
2 MPa at T = 350 °C using hydrogen gas of 7N purity. Afterwards, the tube was evacuated for 3 h at T = 650 °C

to dehydrogenate. The PCI was measured using the volumetric method.

entropy of hydrogen in the solid is larger than that in the gas phase. The origin of this is not
understood and cannot be derived from existing models of the configurational and vibrational
entropy (see the supplement of Ref.>”). A recent analysis of Hf bulk powder at T = 350 °C
(Fig. 11) reaffirms the original powder data,’" suggesting that the thin film nature of the Hf
not only suppresses the fcc/fct transition, but in this case also has a profound influence on the
thermodynamic behavior of this unique material.

The practical relevance of both Pd-capped Ta and Hf would be further enhanced when the
operating temperature could be decreased to room temperature. Unfortunately, this results in
extremely slow kinetics with response times in the order of hours (Fig. 4). In general, the
kinetics of metal hydride hydrogen sensors is determined by the hydrogen dissociation at the
Pd-capping layer, the transport of hydrogen within the capping layer, the transport across the
capping-sensing layer interface and the transport within the sensing layer. Measurements of
the diffusion of hydrogen through Ta indicate that the transport within the sensing layer is
not the rate-limiting step.*> On the other hand, the enhancement of the kinetics with a factor
of about ten by coating the Pd-capping layer with PTFE (Fig. 4) shows that the dissociation
of hydrogen at the surface plays an important role in the poor kinetics.?®’ Furthermore, the
transport through the Pd layer is slow as the hydrogen concentration is extremely low at low
hydrogen pressures. Although the hydrogen concentration is even lower at elevated tempera-
tures, the mobility of hydrogen is typically much lower at room temperature, resulting overall

in improved kinetics at higher temperatures. To enhance the kinetics of the Hf- and Ta-based
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sensors, one could possibly increase the hydrogen concentration at low Py, in the capping
layer through doping with e.g. Au, decrease the thickness of the sensing layers (i.e. decreas-
ing the amount of hydrogen to be transported), and decrease the thickness of the capping
layer (i.e. reducing the distance over which hydrogen needs to be transported). Furthermore,
we note that room temperature results in a low hydrogen pressure sensing range for both Ta
and Hf (Py;, < 1 Pa for Hf). Although this can be advantageous for certain applications, a sen-
sitivity up to at least 4 kPa (i.e. the explosive limit of hydrogen in air at atmospheric pressure)
is often beneficial when detecting potential hydrogen leaks. Although not yet unexplored, al-
loying of Hf and/or Ta could potentially shift the equilibrium pressure and, correspondingly,

the sensing range to higher pressures.

6. Conclusion

In conclusion, over the past decades optical hydrogen sensors became attractive devices
for reliably determining the hydrogen pressure, which is a prerequisite for a hydrogen based
economy and in a variety of industrial processes. Although a one-size-fits-all hydrogen sen-
sor is not likely to be developed, various compatible hydrogen sensors were proposed with
each their distinguished advantageous and applications. We provided guidelines to further
develop these tailor-made hydrogen sensors based on rationally selecting suitable materials

and indicated directions and challenges for future research.
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Table 1. List of desirable properties of metal hydride based optical hydrogen sensors and how these can be

achieved.

Desirable Property How To Achieve?

Large sensing range Large solubility range within one phase and/or within multiple
phases with a coherent phase transition.
Small dx/dPy, (large slope in pressure composition isotherm)

Large optical contrast Large dx/dPy,
Large change of dielectric function with changing hydrogen con-
tent
Take a wavelength where optical changes are the largest

No hysteresis No first-order phase transition
No stress-induced hysteresis/plastic deformation

Fast response time Select materials with a high hydrogen diffusion constant

Low volumetric expansion
Thin sensing layer
Small dx/d Py,

Apply surface coatings to lower activation energy

Suitable operating temperature = Appropriate AH and AS

High stability Select materials not sensitive to oxidation
Low volumetric expansion

Good adhesion between sensing layer and support

Resistant to other chemical Apply protective coatings (e.g. PTFE/PMMA)
species
Introduce dopants in capping layers as e.g. Cu in Pd to prevent

deactivation by CO
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