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Optical Hydrogen Sensing Materials for Applications at

Sub-Zero Temperatures

Ziging Yuan, Herman Schreuders, Robert Dankelman, Bernard Dam,

and Lars J. Bannenberg*

Optical hydrogen sensors have the power to reliably detect hydrogen in an
inherently safe way, which is crucial to ensure safe operation and prevent
emissions of hydrogen as an indirect greenhouse gas. These sensors rely on
metal hydride material that can reversibly absorb hydrogen when it is present
in the environment, and as a result, change their optical properties. To apply
this technology along hydrogen infrastructure, in hydrogen-powered planes
and other vehicles, it is crucial that these sensors can operate down to —60
°C, a challenge so far unaddressed. Here, it is showed that metal hydride
hydrogen sensing materials can be used to detect hydrogen optically down to
—60 °C in just a couple of seconds and across a hydrogen concentration range
of 0.02-100% with a 1% change in transmission per order of magnitude
change in hydrogen concentration. The in-situ X-ray diffraction and optical
transmission measurements show that Ta, TaggPd,,, TagzRu,,, and PdgAu,,
can gradually, reversibly and hysteresis-free absorb hydrogen while providing
sufficient optical contrast. Specifically, TagsRu,, possesses the largest optical
contrast and the swiftest response down to 6 s at —60 °C. These results
confirm the operational viability and foretell new applications of metal hydride

technologies, ensuring the safe handling
and control of hydrogen has become a top
priority. Indeed, mixtures of hydrogen and
air can be flammable or even explosive at
concentrations of 4-75% by volume, mak-
ing the detection of leakage at an early stage
vital. On top of that, hydrogen, when re-
leased into the atmosphere, can indirectly
contribute to the greenhouse effect as it
prolongs the lifetime of other greenhouse
gasses such as methane.>®l In applica-
tions such as hydrogen-powered vehicles,
airplanes, and near liquid hydrogen stor-
age facilities, hydrogen sensors need to be
able to operate both at room and sub-zero
temperatures down to —60 °C i.e., slightly
lower than the lowest temperature encoun-
tered during flights and in artic regions.

Conventional hydrogen sensing methods
based on catalytic or thermal conduction

hydrogen sensing in cold conditions.

1. Introduction

Hydrogen has been hailed as a green energy carrier for the future
and is considered to be a key component in the transition to a net
CO, neutral society.'3] Characterized by its exceptional energy
density and clean combustion, hydrogen is an ideal alternative
to fossil fuels, with the potential to reduce greenhouse gas emis-
sions and alleviate environmental stress.[* As industry and the
transportation sector increasingly move toward hydrogen-based
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face several limitations. For instance, cat-
alytic sensors operate based on gas combus-
tion on a catalytic surface and rely on the
presence of oxygen for effective detection,
making them unsuitable in low-oxygen
environments, such as in airplanes.”'%l Thermal conductivity
sensors that measure the thermal conductivity of gas mixtures
by comparing them to a reference are sensitive to environmen-
tal changes, particularly gas flow rates.l'!l Moreover, both sensor
types have a relatively high detection limit, making the detection
of small leaks hardly possible. As such, this calls for alternative
hydrogen sensors.[>10.12-14]

Optical metal hydride hydrogen sensors have emerged as a
promising alternative to overcome the above-mentioned chal-
lenges of hydrogen sensing. These sensors utilize the unique
properties of metal-organic frameworks,!'*! oxides,!'®7] or metal
hydrides. In the latter case, the metal hydride can reversibly
absorb and release hydrogen when exposed to a hydrogen-
containing environment. In turn, the absorption of hydrogen by
the metal hydride results in measurable changes in its optical
properties. By measuring e.g. the changes in optical transmission
or reflectivity, the hydrogen concentration/partial hydrogen pres-
sure may then be determined. This method greatly increases the
safety and sensitivity of hydrogen sensing as it does not require
any current around the sensing area.!'82]

The performance of an optical hydrogen sensor is directly re-
lated to the properties of the hydrogen sensing material. As a hy-
drogen sensing material, palladium has been a frequent choice.

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Palladium can readily catalyze the dissociation of molecular hy-
drogen present in the atmosphere into atomic hydrogen that can
be absorbed by the material, and features a modest sensing range
at room temperature of 3 orders of magnitude.232426-2] How-
ever, hysteresis arising from the first-order phase transition upon
hydrogen sorption makes the sensor’s response depend on the
hydrogen concentration/pressure history. In other words, there
is no longer a one-to-one relationship between the optical prop-
erty and the hydrogen concentration. To increase the sensitiv-
ity at low hydrogen concentrations and suppress the unwanted
phase transition and thus the hysteresis, Pd has been alloyed
by elements including Au, which at sufficiently high concentra-
tions can suppress the undesired phase transition at the expense
of a significantly reduced optical contrast.[2>2426-30] Ag an alter-
native to Pd-based sensing materials, tantalum-based hydrogen
sensing have emerged.3!321 When combined with a suitable cat-
alyst to promote hydrogen dissociation, these materials feature
a sensing range of at least 7 orders in magnitude in partial hy-
drogen pressure/hydrogen concentration that is completely re-
versible and free of any hysteresis, and can provide sub-second
response times. This sensing range and the desired sensitivity of
the sensor can be further tuned by alloying tantalum with ele-
ments such as Pd* and Ru.?*!

Despite extensive testing at room temperature, no optical
metal hydride hydrogen sensors have yet been proven to oper-
ate at sub-zero temperatures. Hydrogen absorption is challeng-
ing at these lower temperatures due to the slowing of critical pro-
cesses such as hydrogen molecule dissociation, chemisorption,
and diffusion.3>-3%] These processes are essential for efficient hy-
drogen sorption kinetics, and their rate is expected to decrease
exponentially with decreasing temperature in accordance with
Arrhenius’ law.[*] This results in a delayed sensor response to
a change in the hydrogen concentration.

Low temperatures also impact the sensing range of materials
in optical metal hydride hydrogen sensors. These materials must
provide a suitable optical contrast, which may shift toward lower
partial hydrogen pressures or, equivalently, hydrogen concentra-
tions. In these hydrogen sensors, the detection of hydrogen is
achieved by monitoring the refractive index change, which corre-
lates with the amount of hydrogen absorbed by the sensing ma-
terial typically denoted by the hydrogen-to-metal ratio (H/M).34
For a given H/M ratio, the equilibrium partial hydrogen pres-
sures shift with decreasing temperature T to lower partial hydro-
gen pressures P,;, according to Van ‘t Hoff’s law:

P\ _ AH AS
ln<To>_RT R M

where AH and AS are the enthalpy and entropy of hydrogenation
for a specific H/M ratio, respectively, P, the standard pressure,
and R the gas constant. For a metal hydride hydrogen sensing
material, AH is on the order of —10 to —100 k]/moly; , while AS
is typically around —130 J/K-moly, .*! As AH is negative, reduc-
ing the temperature makes the term % a larger negative num-
ber. Consequently, Py, shifts to lower equilibrium pressures. At
a given hydrogen pressure, the hydrogen concentration within
the metal increases as the temperature decreases. This is accom-
panied by a slowdown in hydrogen dissociation and diffusion,
meaning the material will take longer to reach equilibrium. Ad-
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ditionally, the larger volume expansion due to the accommoda-
tion of more hydrogen atoms increases the possibility of phase
transitions or even plastic deformation.

At low temperatures, phase transitions that are normally
suppressed by alloying or nanoconfinement at room temper-
ature can emerge.’%33#1-4] For instance, alloying Pd with Au
shifts the temperature above which no metal-to-metal hydride
phase transition occurs (i.e., the critical temperature) from about
290°C toward lower temperatures.['*#] In Ta-based films, nano-
confinement is used to suppress the critical temperature of about
61°C reported for bulk materials.[**#’] At lower temperatures,
these first-order phase transitions may no longer be suppressed,
introducing hysteresis into the sensing response.

The primary objective of this research is to investigate the per-
formance of hydrogen sensing materials at temperatures down
to —60 °C. For this research, we selected four frequently con-
sidered hydrogen-sensing materials that exhibit no hysteresis
at room temperature: Pd Au,,, Ta, TagRu,,, TagPd,. As il-
lustrated in Figure 1, a layer of 20 nm of these materials have
been combined with a 4 nm Ti adhesion/seed layer,[*®! and, in
the case of the Ta (alloys), a 5 nm Pd ,Au,, capping layer was
used to prevent oxidation and catalyze the hydrogen dissocia-
tion reaction. The samples also include a 30 nm polytetraflu-
oroethylene (PTFE) polymer protective coating, of which previ-
ous studies have shown that it provides protection against cross-
sensitivity to other chemical species and that it can accelerate
the hydrogenation kinetics.[**-2] We fabricated these materials
by magnetron sputtering, a commonly used technique to deposit
hydrogen sensing materials as it is environmentally benign, scal-
able and compatible with depositions on substrates and optical
fibers. Using in-situ X-ray diffraction (XRD) and optical trans-
mission measurements, we demonstrate that all these hydrogen
sensing materials exhibit remarkable efficacy in detecting hydro-
gen even at low temperatures, showcasing hysteresis-free perfor-
mance down to —60 °C. All four materials have a suitable optical
contrast allowing hydrogen detection within the range of 0.002
< Cy, < 100%. Amongst the sensing materials studied, TagRu,,
showcases the largest optical contrast at —60 °C while also pro-
viding the shortest response time enabling the detection of 3%
hydrogen within a mere 6 s at —60 °C. Additionally, our analysis
at low temperatures identifies surface effects such as hydrogen
dissociation as the rate-limiting factor. Taken together, these re-
sults show that metal hydride based optical hydrogen sensors can
be used at temperatures as low as —60 °C, opening new avenues
for practical applications in cold environments.

2. Experimental Section

2.1. Sample Fabrication

The samples, illustrated in Figure 1, are thin films on 10 x 10
mm? quartz substrates with a thickness of 0.5 mm and surface
roughness <0.4 nm (Mateck GmbH, Jiilich, Germany). All layers
were deposited by magnetron sputtering in an ultrahigh vacuum
chamber (AJA Int., Hingham, MA, United States of America)
with a base pressure of 107° Pa. A schematic representation of the
deposition set-up is available in Figure S1 (Supporting Informa-
tion). The targets have a diameter of 5.08 cm (2 in.) and a purity of
atleast 99.9% (Mateck GmbH, Jiilich, Germany). The deposition
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Figure 1. Schematic diagram of the experimental configuration designed for quantifying the change in transmittance of metal hydride thin films when
subjected to varying hydrogen concentrations at low temperatures. The inset shows a schematic representation of the samples.

was performed under 0.3 Pa of Ar. The unheated substrates were
rotated during the deposition to enhance the homogeneity of the
layers. For the thin film alloys, two targets were co-sputtered and
the direct current (DC) power supply was adjusted to achieve the
desired compositions. Typical deposition rates include 0.14 nm
s71 (130 W DC) for Ta, 0.41 nm s~! (50 W DC) for Ru, 0.047 nm
s71 (150 W DC) for Ti, 0.11nm s~ (50 W DC) for Pd, 0.10 nm s~
(30 W DC) for Au. PTFE was prepared by radiofrequency mag-
netron sputtering at 70 W yielding a typical deposition rate of
0.029nm s~'. The exact deposition conditions are reported in
Table S1 (Supporting Information). The crystal structure of all
samples was verified with XRD, and X-ray reflectometry (XRR)
was used to obtain estimates of the layer thickness, roughness,
and density for each layer composing the thin films, both before
and after exposure to hydrogen. (Figures S2-S8 and Tables S2 and
S3, Supporting Information). These measurements show that
also after exposure to hydrogen the layered structure and crys-
tal structure of the material is maintained, indicated good me-
chanical stability. In addition, X-ray photoelectron spectroscopy
measurements were performed to study the composition of the
top PTFE coating (Figure S13, Supporting Information). Similar
to previous experiments, these measurements revealed the pres-
ence of C-CF, CF, CF,, and CF; bonds.[*>! Atomic force mi-
croscopy measurements of the film reveal that the peak-to-valley
roughness of the Ta sample is slightly larger than the Pd,,Au,,
sample (Figure S14, Supporting Information).

2.2. Structural Measurements
To assess the structural behavior at low temperatures down to

—60 °C, for the first time a tailor-made in-situ XRD sample envi-
ronment that allows measurements at low temperatures and un-
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der a controllable hydrogen atmosphere is constructed. The set-
up, which is schematically illustrated in Figure S15 (Supporting
Information), consists of a TTK 450 low-temperature chamber
with a base pressure of 10~* mbar, equipped with liquid-nitrogen
cooling (Anton Paar, Graz, Austria). The partial hydrogen pres-
sure was varied by changing the absolute pressure of a 4% H, in
He gas mixture (Linde Gas Benelux BV, Dieren, the Netherlands).
The pressure is controlled using a pressure controller (MKS Type
250E, Andover, MA, USA) connected to a solenoidal inlet valve
and measured using a MKS baratron manometer (MKS120AD,
Andover, MA, USA). The flow was regulated using a mass flow
controller (Bronkhorst F-201CV-200- AAD-33-V EL Flow Select
200 mln min~! Ar). To enable sufficient flow at low pressures, a
solenoidal outlet valve placed in parallel to the flow controller was
opened partially. A Labview program running on a PC, controlled
and recorded the gas pressure and flow during measurements.
Further details on the pressure and flow regulation can be found
in ref. [53].

The in-situ XRD measurements were performed in Bragg—
Brentano geometry (30 < 20 < 90°) with a Panalytical X’pert
diffractometer (Almelo, the Netherlands) equipped with a Cu-—
Ka source (4 = 0.1542 nm). At each temperature, the height was
carefully aligned to account for thermal expansion of the sam-
ple holder/set-up. This was done by performing diffraction mea-
surements around a diffraction peak and optimize for maximum
intensity. The experimental XRD data was fitted to two pseudo-
Voigt functions: one to account for the (110)-Ta reflection, and
one for the (111)-Pdg,Au,, reflection. This was done to accurately
extract the peak position, which was, with the help of Bragg’s law,
used to obtain the d-spacing.

Room temperature XRR (Figures S2-S4, Supporting In-
formation) and XRD (Figures S5-S8, Supporting Informa-
tion) measurements were performed using a Bruker Discover
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Diffractometer. The settings used for these measurements are
the same as in Ref. [48]. The XRR data were fitted with
GenX3P*>1 (Tables S2 and S3, Supporting Information).

2.3. Optical Measurements

Figure 1 depicts a schematic representation of the set-up newly
designed to measure the optical transmission of the sensing ma-
terials as a function of the hydrogen pressure/concentration at
temperatures of —60 < T'< 20 °C. In essence, the setup consists
of a pressure cell in which the sample is located. The pressure cell
is positioned inside a temperature-controlled freezer (Elcold 11
Pro, Horby, Denmark). Two optical fiber feedthroughs are con-
nected to the pressure cell, one of them transports light from
the halogen light source (Ocean Optics HL-2000-FHSA) to the
sample (Figure S16, Supporting Information), the other one col-
lects the transmitted light and transports it to the Ocean Optics
HR4000 spectrometer with a resolution of 0.025 nm (full width
halve maximum). This enables to measure the intensity of trans-
mitted light at various wavelengths. The changes in optical trans-
mission with hydrogen exposure are analyzed by measuring the
intensity of the transmitted light I,;, and first correcting it for the
noise of the spectrometer by the intensity in the dark I,,,. Sub-
sequently, this intensity is normalized at the tested temperature
to the intensity of the transmitted light I 5,5, (20 Pa) measured
at Cpj, = 0.02% to obtain the normalized changes of the optical
transmission when exposed to a hydrogen concentration:

E — IHZ - IDark (2)
TO 10.002% - IDark

From the spectrum, light with a wavelength between 650 and
660 nm was selected for testing, as this range offers minimal
noise and maximizes the intensity of the light source. Indeed,
for this wavelength the spectrum of the used light source shows
a maximum (Figure S16, Supporting Information), while the ab-
solute optical transmission is also relatively high for these wave-
lengths (Figure S17, Supporting Information). To achieve the de-
sired hydrogen concentration inside the cell, we mix pure argon
gas from the gas network (5N purity) with either 4% and 100%
H, in Ar (Linde Gas Benelux BV, Dieren, the Netherlands) using
three flow controllers (GF040CXXC, Brooks Instruments, Hat-
field PA, United States of America) placed in parallel and con-
trolled with in-house developed Labview software. The hydrogen
concentration Cy;, can then be changed by setting the flows Q,,
and Q,,, of the Argon and hydrogen-containing gas mixture se-
lected with concentration C,, according to:

Ce 9
— “gas
Qi + Qar

The typical total gas flow during the measurements is 250 mL
min~!. The gas system’s final outlet is connected to the exhaust
port and is equipped with a check valve to ensure the pressure re-
mains constant at 1 bar. Thorough evacuation of the gas lines and
cell using a vacuum pump (Adixen Drytel 1025, Pfeiffer Vacuum,
Aflar, Germany) was carried out when transitioning between dif-
ferent gas cylinders (P, < 1073 mbar).

cell

Crz G)
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To ensure precise temperature monitoring within the cell, a
K-type thermocouple temperature sensor was positioned inside
the cell for real-time temperature data acquisition. Notably, the
entire cell, along with a portion of the gas system, was housed
within a refrigerated environment. Due to potential vibrational
interference from the refrigeration cycles affecting the fiber optic
calibration, experiments were conducted only when the freezer
motor was switched off. It was verified that the average sample
temperature throughout the experiment matched the intended
target temperature within + 2 °C.

To measure the response time, the partial pressure was var-
ied stepwise by changing the absolute pressure of a pre-defined
hydrogen-argon gas mixture. This was done using a pressure
controller (MKS Type 250E, MKS Instruments, Andover, MA,
United States of America) that is connected to a solenoidal inlet
valve which adjusts the pressure. A pressure transducer (MKS
Baratron) is included in the pressure controller to measure the
actual pressure of the pressurized chamber. The change in opti-
cal transmission was measured upon a change in partial hydro-
gen pressure. The response time is defined as the time required
to reach 90% of the new equilibrium state following a hydrogen
pressure step. Between these pressure steps, the samples are sub-
jected to at least 5 min at a reference pressure of 24 Pa, ensuring
that each starting point of a pressure increase is at equilibrium.

3. Results

3.1. Structural Behavior

For hydrogen sensing materials it is important that no (first or-
der) phase transition or plastic deformation is present when they
are exposed to hydrogen. Phase transitions, as well as plastic de-
formation of the metal hydride, result in a hysteretic and slower
response and may render the material unstable over repeated ex-
posure to hydrogen.[*¢! Unlike its bulk counterpart that shows a
series of phase transitions below its critical temperature of T, =
61°C when exposed to hydrogen at room temperature, the tan-
talum and tantalum-alloy thin films do not show any signs of
a phase transition but a gradual elastic expansion and deforma-
tion of the lattice.*® Similarly, in Pd,,,Au,, Au suppresses the
undesirable first-order metal-to-metal hydride phase transition
present in pure Pd.?% To investigate whether the hysteresis re-
mains suppressed at low temperatures, we performed in-situ X-
ray diffraction measurements while exposing the film to hydro-
gen at temperatures down to —60 °C.

Figure 2 presents the XRD results. As the films are highly
textured with the (110) of the Ta-based sensing materials and
the (111) of the Pd,Au,, in the out-of-plane direction, we focus
our attention to these reflections. Full diffraction patterns can be
found in Figures S9-S12 (Supporting Information). We find two
almost overlapping diffraction peaks: the (110) diffraction peak of
the TaggRu,, sensing layer and the (111) peak of the Pd,Au,, cap-
ping layer at 26 = 39.3°. With increasing partial hydrogen pres-
sures, the (110) TaggRu,, diffraction peak continuously shifts to
lower diffraction angles. This indicates that a gradual lattice ex-
pansion occurs as hydrogen is absorbed by the material.

Most importantly, for all hydrogen sensing materials studied,
no additional diffraction peak emerges when the material is
exposed to hydrogen, meaning that no phase transition related

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. Temperature and partial hydrogen pressure (concentration) dependent X-ray diffraction measurements. a) In situ X-ray diffraction patterns of a
20 nm TaggRuj, thin film, with a 4 nm Ti adhesion layer and capped with a 5 nm PdgyAuyq layer that is covered with a 30 nm PTFE for the partial hydrogen
pressures indicated in the legend and measured at —60 °C. The continuous lines represent fits of two pseudo-Voigt functions to the experimental data. b)
Partial hydrogen pressure dependence of the expansion of the d;;o-spacing Ta, Tagg Pd;,, TaggRuy,, and the d;;;-spacing in PdgyAu,e measured at —60 °C.
The d-spacing is normalized to the d-spacing when no hydrogen is in the environment, d,. dy is obtained by fitting the XRD data of Figures S18-S21
(Supporting Information). The fitted peak position is converted to d,, using Bragg's law. The open (closed) symbols indicate measurements performed
after decreasing (increasing) the partial hydrogen pressure. (c) and (d) Temperature and partial hydrogen pressure dependence of the d;;y-spacing
expansion of a Ta and TaggRu;,, respectively. Data on TaggPd;, and PdgyAuyq is provided in Figure S22 (Supporting Information).

to hydrogen absorption occurs, even at temperatures as low
as —60 °C (Figures S18-S21, Supporting Information). As the
critical temperature of TaH, is 61°C for bulk material’®3!l this
implies that the nano-confinement of tantalum can successfully
suppress any phase transition even at temperatures as low as
—60 °C.

As a next step, we calculated the relative change in d-spacing
d;p/d, of the material after hydrogen exposure where d,;, is the
d-spacing in the presence of hydrogen and d,, is the d-spacing of
the sample that is completely unloaded. The d-spacing refers to
the distance between atomic planes in a crystal lattice and is cal-
culated based on the fitted peak position of the diffraction peaks
and Bragg’s law. Figure 2b shows the d-spacing change after step-
wise increases in partial hydrogen pressure for all samples at
—60 °C, while Figure S22 (Supporting Information) presents the
d-spacing under similar conditions in the temperature range of 0
to —60 °C. The results in Figure 2b indicate a gradual and elastic
expansion of the unit cell with increasing partial hydrogen pres-
sure at —60 °C. As the d-spacing remains identical after increas-
ing and decreasing pressure steps, as shown in both figures, no
hysteresis is observed. This is an important result as it implies
that a hysteresis-free hydrogen sensor can be made even at tem-
peratures down to —60 °C.

Adv. Funct. Mater. 2025, 2420087 2420087 (5 of 11)

Comparing the expansion of the samples at P, = 40 Pa at
—60 °C, we observe that this is the largest for Ta (6.4%), fol-
lowed by 5.7% for TagPd,,, 2.4% for TagRu,;, and about 1.5%
for Pdg,Au,,. The decrease in the expansion with Pd and Ru is
consistent with previous research that shows that elemental sub-
stitution of Ta by alloys can successfully compress the unit cell,
shifting the pressure-composition-isotherms to higher hydrogen
pressures. In addition, it is consistent with the earlier findings
that this effect is larger for the substitution of Ta by Ru**! than
by Pd.33

Within the partial pressure window 10*2 < P, < 10™ Pa, i.e.,
the explosive limit of hydrogen in air concentration of Cp, =
4% (Py;, = 4,000 Pa), we observe that the largest change in lat-
tice expansion within this window is realized for TaggRu,,. This
composition exhibits a change in d,/d, from 1.024 to 1.033,
which is three times larger than the corresponding change ob-
served for the Ta sample (from 1.064 to 1.067 at —60 °C). This
difference indicates a potentially larger sensitivity of TaggRu,, as
a hydrogen-sensing material compared to Ta within the inves-
tigated pressure range. Indeed, a larger change in lattice expan-
sion corresponds, ceteris paribus, to a larger change in hydrogen-
to-metal ratio, and possibly thus in a large change of the optical
transmission.
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Figure 3. Hydrogen concentration dependence of the optical transmission 7 at wavelengths 650-660 nm at —60 °C. a) Changes of the optical transmis-
sion of a 20 nm TaggRuj, thin film, with a 4 nm Ti adhesion layer capped with a 5 nm PdggAu,, layer that is covered with a 30 nm PTFE layer as a function
of time during which the partial hydrogen pressure/concentration is stepwise varied. The top panel shows the optical transmission normalized to the
optical transmission of the sample at the reference hydrogen pressure 7, of 20 Pa (0.02%). The bottom panel shows the corresponding partial hydrogen
pressure/concentration as a function of time. b) Partial hydrogen pressure dependence of the optical transmission relative to the transmission of the
sample at reference hydrogen pressure 20 Pa for a 20 nm Ta, TaggPd,, TaggRu1,, with a 4 nm Ti adhesion layer and capped by a 5 nm PdgoAuyq layer
covered with a 30 nm PTFE layer, and the 20 nm PdgyAuyq thin film covered with a 30 nm PTFE layer, as measured by both stepwise increasing (closed
symbols) and decreasing the pressure (open symbols). We note that the overlap of the increasing and decreasing data is large.

Furthermore, Figure 2c,d and Figure S22 (Supporting In-
formation) show that the absolute d-spacing increases for a
given partial hydrogen pressure with decreasing temperature.
For the materials studied here, we determined before that the
d-spacing at room temperature is directly related to the H/M
ratio.[263334] Accordingly, we observe in agreement with Van
‘t Hoff’s law (Equation 1), a large d-spacing at a specific Py,
for lower temperatures. Moreover, these figures also indicate
that the slope of the d-spacing expansion with respect to Py, is
substantially reduced when the temperature is lowered. Here,
sensitivity refers to the degree of change in the d-spacing of the
material in response to variations in P,;,. Hence, the sensitivity
of the sensing materials substantially decreases with decreasing
temperature, which we further study in the next section with
optical transmission measurements.

3.2. Optical Response

An ideal material for optical hydrogen sensing should exhibit
a consistent and steady alteration of its optical characteristics
across a broad range of hydrogen pressures with a response that
is not influenced by the sensor’s previous pressure exposures
(hysteresis-free). To study the optical response of the sensing ma-
terials under different partial hydrogen pressures and tempera-
tures, we study the changes in red-light optical transmission (650
< 4 <660 nm) and normalize the optical response at C;;, = 0.02%
according to Equation (2).

As an illustrative example, Figure 3a presents the normalized
optical transmission for TagRu,, as a function of time during
which the partial hydrogen pressure was stepwise increased and
subsequently decreased. It shows that the stepwise changes of the
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partial hydrogen pressure result in well-defined steps in the op-
tical transmission that are stable over time and completely free
of hysteresis. Indeed, the optical transmission is within the ex-
perimental accuracy the same after increasing and decreasing
pressure steps. The spikes observed in the pressure profile are
attributed to the response of the pressure controller and have a
duration of max 2 s.

Figure 3b summarizes the change in optical transmission
at —60 °C with a change in hydrogen concentration for both
TaggRu,, as well as the three other compositions. The plotted
transmission values represent the stable optical transmission af-
ter each increase or decrease in partial hydrogen pressure, as il-
lustrated in Figure 3a. Most importantly, the figure demonstrates
that the optical transmission remains the same after both in-
creasing and decreasing pressure steps, indicating no hysteresis
across the entire studied pressure range, even at temperatures
as low as —60 °C. These findings are consistent with the XRD re-
sults in Figure 2 and Figure S22 (Supporting Information), which
also show no signs of phase transitions or hysteresis in the d-
spacing’s dependence on partial hydrogen pressure. The resolu-
tion of these sensors, crucial for precise hydrogen concentration
detection, is inferred from the slope of the 7 /7, curve against
hydrogen pressure. Among the tested materials, TaggRu,, shows
the steepest slope, indicating the highest resolution, which is es-
sential for accurate performance at —60 °C. TaggRu,, and TagPd,,
exhibit changes in normalized transmission upon hydrogen ex-
posure, with respective differences of 4% and 3%. This is consis-
tent with previous research as alloying Ta with Ru (or Pd) com-
presses the unit cell of tantalum.**** In turn, the Ru alloying
shifts the sensor’s operating range toward higher pressures, en-
hancing its sensitivity, particularly at lower temperatures, where
the hydrogen-to-metal ratio in the material is closer to saturation
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Figure 4. Partial hydrogen pressure/hydrogen concentration dependence of the optical transmission 7 at wavelength 650-660 nm of a 20 nm a) Ta,
b) TaggPd;,, c) TaggRuy, thin films, each with a 4 nm Ti adhesion layer capped with a 5 nm PdgyAuyq layer that is covered with a 30 nm PTFE layer, and
d) PdgyAuyg thin film covered with a 30 nm PTFE layer. All measurements are normalized relative to the transmission of the sample at a reference
hydrogen pressure of 20 Pa and have been performed at the temperatures indicated in the figure legend.

than at higher temperatures. On the other hand, Pd,,Au,, be-
comes more transparent upon hydrogen absorption but exhibits
the smallest optical contrast across the entire range of hydro-
gen pressures.

The effect of temperature on the optical response of the thin
films is shown in Figure 4. TagRu,, demonstrates the largest
change in transmission within the range 0.02 < Cp, < 100%.
Within this range, a change of the optical transmission of approx-
imately 4% is observed at —60 °C (i.e., 7 /T, drops from 1 to 0.96).
This is slightly lower than the 5% change at -30 °C and consider-
ably smaller than the 7.2% change observed at room temperature.
Similar trends are observed for all materials, indicating that the
sensitivity of the hydrogen-sensing materials, which is directly
related to the slope of the graph of 7 /7 versus C,,;,, decreases
with decreasing temperatures.

Based on the optical measurements, TaggRu,, can be used to
construct a sensor with the largest optical response. The relative
sensitivity of the material is constant across the entire investi-
gated sensing range of 0.02 < Cp;, < 100% with a 1% change in
transmission per order of magnitude change in hydrogen con-
centration at —60 °C. We note that the sensitivity can be fur-
ther optimized by considering different wavelengths, layer thick-
nesses and light sources, and that the resolution of the sensor
constructed from the sensing material will also depend on the
noise/stability of the light source. Furthermore, we also note that
the lowest hydrogen concentration that we detected was limited
by the experimental set-up.

3.3. Response Time and Response Rate
An ideal material for optical hydrogen sensing should not only ex-

hibit a high sensitivity but also a short response time. The latter
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is crucial for ensuring the reliability and efficiency of hydrogen
sensors, particularly in applications that require rapid detection
of hydrogen leaks. This is especially important close to the explo-
sive limit of 4% in air.

To ensure that the data primarily reflect the properties of the
samples, we analyzed the response times of these samples, as
well as the response time of the setup. In our subsequent analy-
sis, we only included data where the response time of the sample
was at least three times greater than that of the setup. To mea-
sure the response time, we changed the partial hydrogen pres-
sure from a baseline of P;;, = 24 Pa (0.024%) to the partial hydro-
gen pressure of interest. We then define the response time as the
time it takes to reach 90% of the final transmission. Examples of
the normalized response time curves can be found in Figure $23
(Supporting Information).

Figure 5a presents the response time as a function of partial hy-
drogen pressure at —60 °C for the four samples under investiga-
tion. Among these, the TaggRu,, sample demonstrates the fastest
response times among the materials tested, with response times
as low as approximately 6 s at Cy;, = 3%. There is a strong hydro-
gen concentration dependence of the response time, which for
TaggRuy, increases to 38 s at Cy;, = 0.08%. While TaggPd;, shows
a similar response time as that of TagRu,,, the response times
for Ta and especially Pd,,Au,, are considerably longer and show
a stronger dependence on pressure. As a result, at Cp;, = 0.4%,
Ta exhibits a response time of 22 s, and Pd.,Au,, shows 38 s,
both significantly longer than the 15 s for Tag,Ru,, and 16 s for
TaggPd,,.

Figure 5b,c provides the partial hydrogen pressure dependence
of the response times for Ta and Pd,Au,, sample at three dif-
ferent temperatures between —60 °C and 0 °C. Across all ma-
terials, a decrease in response time is observed with increasing
temperature. For Ta, we see that the response time at C;, = 1.6%
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Figure 5. a) Response time tq, as a function of partial hydrogen pressure for Ta, TaggPd;,, TaggRuj,, and PdgyAuy,g at —60 °C. b,c) Response times as a
function of partial hydrogen pressure at various temperatures for b) Ta and c) PdggAuyg.

drops from 11 s at —60 °C to 1.2 s at 0 °C, i.e., a factor of 10 faster.
Such a temperature dependence is expected, as both the hydro-
gen dissociation reaction and hydrogen diffusion have a strong
temperature dependence.

To further enhance the sensor’s responsiveness, we need
to understand the dynamics of the hydrogen absorption pro-
cess, particularly the interplay between surface and thin film.
Borgschulte et al. propose a two-step model that effectively cap-
tures this dynamic, where hydrogen absorption is governed by
two key processes: the dissociation of hydrogen molecules on the
metal surface and the subsequent diffusion of atomic hydrogen
into the bulk material. The first step involves an energy barrier
associated with the dissociation of molecular hydrogen (H,) into
atomic hydrogen on the surface, which requires sufficient active
sites and favorable surface conditions. The second step involves
the diffusion of hydrogen atoms into the bulk of the material,
which is influenced by factors such as the material’s structure
and temperature.[3®] If the response rate is found to be diffusion-
limited, efforts should focus on enhancing hydrogen diffusion
within the material. Conversely, if the surface dissociation pro-
cess is the limiting factor, the priority should shift toward opti-
mizing the surface properties, including increasing the number
of active sites and reducing the activation energy required for dis-
sociation.

One way to gain this understanding is by analyzing the depen-
dence of the hydrogenation rate on partial hydrogen pressure.
To calculate the hydrogenation rate, we use the relationship es-
tablished in previous neutron reflectometry studies, which have
shown that, for these materials, the logarithmic change in optical
transmission Aln(7/T,) is proportional to the change in hydro-

gen concentration inside the material.2%3**8] As a result, we can
deduce that:
Aln(T /T))
Response Rate « —Y 4
9

where A 1H(T/To) = 1n(lrtest/r()) - ln(ﬂ)aseline/r())’ with 7’test and
Toaseline T€Presenting the transmission at the test and baseline
partial hydrogen pressures, respectively. A more detailed discus-
sion on this approach can be found in Ref. [34]. Once the re-
sponse rate has been computed, we fit the obtained values to
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a power law: Response Rate = aP?12 where a is a constant and
y is the exponent. As established in refs. [34, 35, 51], y = 0.5
suggests a diffusion-limited process, whereas an exponent of 1
points to a surface-limitation such as the hydrogen dissociation
reaction.

Figure 6 provides the response rate analysis at —60 °C, suggest-
ing that surface effects like hydrogen dissociation are the rate-
limiting factor. We obtain y = 0.86 + 0.05 for Ta, y = 0.90 + 0.11
for TaggPd,,, y = 0.85 + 0.10 for TaggRu,,, and y = 0.84 + 0.10
for PdyyAu,,. Although these gamma values indicate a predomi-
nantinfluence of surface effects as previously established at room
temperature,’®!] the deviation from 1 suggests a substantial role
for diffusion. For the Ta-based samples, the value of y < 1 could,
for example, reflect sluggish diffusion through a thin Pdg,Au,,
capping layer (5 nm). This would be consistent with the much
longer response times for the 20 nm Pd,Au,, sample (Figure 5)
than for the Ta-based samples. Indeed, the activation energy for
hydrogen diffusion in tantalum that crystallizes in a favorable bcc
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102
8] Ta
S TaggPd1> a
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Figure 6. Response rate as a function of partial hydrogen pressure for Ta,
TaggPd1,, TaggRuy,, and PdgyAu,g samples at —60 °C. The fitted power-law
exponents are: Ta (y = 0.86 + 0.05), TaggPd;, (y = 0.90 + 0.11), TaggRu,
(y = 0.85 + 0.10), and PdgyAuyg (v = 0.84 + 0.10).
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Figure 7. a) Response times of 10, 20, and 40 nm Ta samples as a function of partial hydrogen pressure at —60 °C. b) Response time as a function of Ta
sample thickness at different hydrogen partial pressures under —60 °C. The dashed lines indicate power-law fits with the fitted exponents (f) for each

pressure.

structure (0.13 eV/atom) is considerably lower than for Pd that
crystallizes in a fcc structure (0.23 eV/atom).>78]

As depicted in Figure S24 (Supporting Information), the re-
sponse rate of hydrogen sensors is strongly influenced by tem-
perature, exhibiting a higher response rate at higher tempera-
tures for Ta and Pd,Au,, samples. Fitting of response rates to a
power law indicates a predominant dissociation-limited process,
particularly evident in the Ta samples, with exponent values of y
~ 1 for T > -30 °C. Differently, for T > —30 °C the values seem
to suggest for Pd,Au,, that diffusion still plays a role in deter-
mining the response time. The presence of the Pd,,Au,, layer,
serving as either a capping or sensing layer, inevitably influences
the response kinetics of the Ta-based samples. Since the entire
thin film system is tested as a whole, isolating the effect of the Ta
layer is challenging.

To better delineate the rate-limiting processes in the Ta and
Ta-based layers, we conducted a series of experiments on sam-
ples with a varying Ta layer thickness (10, 20, and 40 nm).
As the 4 nm Ti adhesion, the 5 nm Pd Au,,, and PTFE lay-
ers are kept the same for all these samples, any thickness de-
pendence should originate from the Ta layer. When the re-
sponse times are completely limited by surface effects, we ex-
pect that the response times scale linearly with the thickness
of the Ta sensing layer, i.e., tyyxdr,, as the number of hydro-
gen atoms that need to be dissociated and absorbed scales lin-
early with the layer thickness. Differently, when diffusion inside
the Ta layer is rate-limiting, we expect, to a first approximation,
that ty, « d2,. Indeed, the diffusion time is related to the mean
square displacement: tyq o, (Xgisp1)*- As such, fitting a power
law to, = ad@a to the data can help determining the rate-limiting
step.

Figure 7a shows the response times for thin films with dif-
ferent Ta sensing layer thicknesses at various hydrogen con-
centrations. This, together with the scaling between the re-
sponse time and the Ta layer thickness in Figure 7b, confirm
that surface effects indeed primarily limit the response time.
We find that the exponent f ~ 1 for almost all investigated
hydrogen concentrations. This is expected for response times
limited by surface effects and supports the conclusion based
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©

on the scaling of the response rate with the partial hydrogen
pressure.

Looking at the analysis of the response rates, which shows that
the kinetics are predominantly surface-limited, we observe that to
improve the response times of the sensor, it is most effective to
consider surface effects which include both the dissociation of
hydrogen as well as the diffusion of hydrogen through the cat-
alytic PdAu layer. This could imply developing new coatings that
can reduce the activation energy of the catalyst layer (e.g., through
creating bonds with Pd) or consider changing the microstructure,
morphology, or composition of the catalyst layer.2*>1° Naturally,
one can also decrease the layer thickness of the hydrogen sensing
layer, which implies that fewer hydrogen atoms need to be disso-
ciated, however, this may come at the price of a reduced optical
contrast and an associated reduction in the resolution of the sen-
Sor.

4, Conclusion

Our comprehensive investigation establishes that optical hydro-
gen sensors can be used to efficiently detect and quantify hydro-
gen at sub-zero temperatures down to —60 °C. In situ low tem-
perature XRD measurements show no signs of any phase transi-
tions, plastic deformation or hysteresis down to —60 °C when the
sensing materials are exposed to a changing hydrogen concen-
tration. This is reflected in the optical properties of the sensing
materials, which show well-defined, reversible and stable steps in
the optical transmission with changing hydrogen concentration.
Although the optical changes with a changing hydrogen concen-
tration become smaller with decreasing temperature, and thus
the potential resolution of the sensing materials decreases, a siz-
able optical contrast remains down to —60 °C. This is particularly
true for TaggRu,,, which shows the highest optical contrast and
shortest response time of 6 s at —60 °C amongst all considered
samples. A detailed analysis of the response times and response
rates illustrates that the response times are predominantly lim-
ited by surface effects, such as the hydrogen dissociation reaction.
From a broader perspective, this research not only demonstrates
the operational viability of metal hydride based hydrogen sensors
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in cold environments but also opens new avenues for their appli-
cation.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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