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A B S T R A C T

Metal hydrides have been widely studied as hydrogen sensing materials and applied to various optical sensor
configurations. With the increasing interest in using hydrogen as an energy source across sectors involving
combustion processes, there is a growing demand for reliable hydrogen sensors operating at temperatures
above 100 ◦C. Therefore, it is necessary to evaluate the performance of potential hydrogen sensing materials at
elevated temperatures. We conducted experiments to observe the optical response and structural characteristics
of palladium, palladium–gold, tantalum, and tantalum-alloy thin films with respect to varying hydrogen
concentrations from 28 ◦C to 270 ◦C. Our results demonstrate that the optical response of palladium and
palladium–gold diminish at 270 ◦C. However, tantalum provides a remarkable optical response to hydrogen
concentrations below 1% for all the observed temperatures and a stable response at 270 ◦C for 350 cycles.
Our measurement results show that tantalum is the most suitable material for detecting hydrogen within the
range of 0.01% to 100% at temperatures ranging from 28 ◦C to 270 ◦C.
1. Introduction

Hydrogen has a high energy density per mass and produces water
vapour as its primary combustion product [1–3]. Such high energy
density per mass makes hydrogen an appealing energy source in various
sectors including aerospace, metallurgy, automotives, and chemical in-
dustries [4–7]. The high energy density of hydrogen can reduce the fuel
weight on vehicles and aircrafts, creating a more efficient propulsion
system compared to conventional fuels. In the steel-making process, the
use of hydrogen can significantly improve process efficiency while re-
ducing carbon emissions [7,8]. These applications of hydrogen involve
high temperatures above 100 ◦C. Since hydrogen is highly explosive
and high temperatures increase the risk of explosions, it is crucial to
monitor the hydrogen concentration in the surrounding areas as safety
precautions. Therefore, there is a need to develop hydrogen sensor
which can operate from the room temperature to beyond 100 ◦C.

Optical sensors can be small in size, lightweight, immune to elec-
tromagnetic interference and sparks and have remote sensing capa-
bility [9]. These sensors can be modified and adapted into hydrogen
sensors by integrating a hydrogen reactive material that can change its
optical properties with respect to varying hydrogen concentrations [10–
13]. For instance, metal hydride thin films are known to change their
optical properties upon contact with hydrogen due to absorption of
hydrogen, which depends on the pressure of hydrogen and temperature
according to Van’t Hoff’s law [14–17].

∗ Corresponding author at: Department of Aerospace Structures and Materials, Delft University of Technology, Kluyverweg 1, Delft, 2629 HS, The Netherlands.
E-mail address: h.s.dewi@tudelft.nl (H.S. Dewi).

Palladium and palladium alloy are by far the most studied hydrogen
sensing materials [18–21]. Hydrogen molecule dissociation can occur
effortlessly on their surface due to their low activation energy. After
dissociation, the hydrogen atoms diffuse into the material and occupy
interstitial sites of the lattice. At sufficiently high hydrogen pressure, a
first order phase transformation occurs between a low-hydrogen con-
tent 𝛼-phase PdH𝑥 to the high-hydrogen content 𝛽-phase PdH𝑥 which
is accompanied by a significant lattice expansion. This phase transition
can provide prominent optical contrast in a narrow pressure range.
The first order phase transition implies hysteretic behaviour which can
cause an ambiguous optical response that limits the sensing accuracy,
while the narrow pressure range indicates narrow sensing range. As
such, palladium has often been alloyed with elements. For instance,
gold reduces the hysteretic behaviour and broadens the sensing range
at the expense of a reduced optical contrast [21–25].

Recently, tantalum has emerged as an attractive hydrogen sensing
material due to its hysteresis free optical response at a wide sensing
range, particularly at low hydrogen pressures [26]. Hydrogen absorp-
tion in tantalum causes gradual changes in optical properties and
lattice expansion without a first order phase transformation [27]. This
characteristic of tantalum promises reversible optical response with
respect to changing hydrogen concentrations. Additionally, the sensing
range can be tuned by varying alloying elements and/or compositions
that promotes high adaptability to various applications [26,28].
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Both palladium and tantalum have been studied at room temper-
ature up to around 100 ◦C. Following the need of hydrogen sensors
at temperatures above 100 ◦C, studies on the sensing functionality of
these materials at elevated temperature are required.

Operating temperatures above 100 ◦C pose challenges for the sens-
ing materials. First, the detection limit can fall above the explosive limit
of hydrogen due to shift of the sensing range following Van’t Hoff’s
law. Accordingly, measurements of the optical response at temperatures
above 100 ◦C are needed to identify the shift of the sensing range and
thus detection limit of the sensing materials at high temperatures.

Second, interdiffusion of the thin film layers may occur due to
prolonged exposure to high temperatures. The hydrogen sensing ma-
terial usually consists of two or more thin film layers. For example,
the tantalum system consists of an adhesive layer made from titanium,
the tantalum sensing layer, and a catalytic layer of palladium–gold.
Previous studies on Ti–Au–Pd and Pd–Au films reported that inter-
diffusion occurred after annealing from 200 ◦C to 490 ◦C [29,30].
Structural damages, such as delamination and cracks, were also re-
ported on palladium thin films after hydrogen absorption at room
temperature [31,32]. These suggest that structural analysis at tempera-
tures above 100 ◦C is valuable for examining the tolerance and life-time
of the sensing materials.

This study aims to identify the sensing performance of palladium-
and tantalum-based thin films at temperatures above 100 ◦C. We mea-
sured the optical response of palladium, palladium–gold and tantalum-
alloy thin films in respect to changing hydrogen pressures from 28 ◦C
to 270 ◦C. These optical measurements identify the sensing range of the
materials for variety of working temperatures. The tolerance of the thin
films to high temperatures was investigated using X-ray diffraction and
reflectometry analysis, including continuous exposure to 350 cycles of
changing hydrogen concentrations at 270 ◦C.

2. Methodology

The following subsections describe the details of materials charac-
terisations and the fabrication of specimens.

2.1. Fabrication of specimens

The specimens are layers of metal thin film on fused quartz sub-
strates (10 × 10 × 0.5 mm3) as illustrated in Fig. 1(a), consisting of
adhesive layer (4 nm titanium) and a hydrogen sensing layer (40 nm of
Pd, Pd1−𝑥Au𝑥, or Ta1−𝑥Ru𝑥, or Ta1−𝑥Pd𝑥). The 40 nm thickness of the
hydrogen sensing layer was chosen to maintain consistency with our
previous studies [26,28]. A catalyst layer (10 nm of Pd0.6Au0.4) was
added on Ta, Ta1−𝑥Ru𝑥, and Ta1−𝑥Pd𝑥 specimens to accelerate the hy-
drogenation kinetics and prevent oxidation of the metal hydride [33].
We deposited the thin films using magnetron sputtering in an ultrahigh
vacuum chamber (AJA Int.) with a base pressure of 10−6 Pa. The
deposition occurred under 0.3 Pa of Ar and the substrates were rotated
during the deposition to enhance the homogeneity of the layers. The
sputtering parameters and conditions are the same as our previous
works [24,26,28]. For Pd1−𝑥Au𝑥, Ta1−𝑥Ru𝑥, and Ta1−𝑥Pd𝑥 thin films,
we sputtered two targets at the same time and adjusted the DC supply
to achieve the desired compositions. The targets have a diameter of
50.8 mm and a purity of 99.9%.

2.2. Optical properties as a function of hydrogen concentration

We measured changes in optical transmission values of the thin
films upon exposure to a variety of hydrogen partial pressures using the
hydrogenography set-up [34]. The hydrogenography set-up consists of
a pressure chamber which can accommodate up to 9 samples, an oven
to control the temperature of the pressure chamber, an illumination
source, a camera, and a PC connected to a pressure controller. Both
the pressure chamber and the oven have optical windows at the top and
607
Fig. 1. Illustration of the hydrogenography set-up measuring changes in the transmis-
sion of metal thin films upon contact with hydrogen, including (a) schematic of the
thin film stack on quartz substrates, (b) overview of the specimens during exposure to
hydrogen gas seen from the camera, and (c) gas flow towards the pressurised chamber
where the specimens were located. For interpretation of the colour references in this
figure legend, please refer to the web version of this article.

bottom that allow transmission of illumination to the camera. Fig. 1(c)
depicts the schematic of hydrogenography set-up.

Variation of hydrogen partial pressure (𝑃𝐻2
) was achieved by chang-

ing the absolute concentrations of hydrogen in argon gas following

𝑃𝐻2
= 𝑃 × 𝐶 (1)

where 𝑃 corresponds to the pressure of the pressured chamber and 𝐶
is the relative concentration of hydrogen in argon in which we used
variation of 0.1%, 4%, and 100%. A Labview program running on a
PC controls and records the gas pressure and flow during the measure-
ments. We programmed increment and decrement steps of pressures
(between 0.5 to 106 Pa) every 15–30 min in the pressure chamber with
a typical flow between 10–20 ml/min. These set-points were sent to the
flow controller and the pressure controller (MKS Type 250E) which
is connected to a solenoidal inlet valve to adjust the pressure in the
pressure chamber. A manometer (MKS Baratron) recorded the actual
pressure in the pressure chamber (𝑃 in Eq. (1)). We further converted
𝑃𝐻2

to hydrogen concentration in the atmosphere (𝐶𝐻2
) using

𝐶𝐻2
=
[ 𝑃𝐻2

𝑃𝑎𝑡𝑚

]

× 100% (2)

where 𝑃𝑎𝑡𝑚 equals to 101 325 Pa.
Meanwhile, a wide visible light source (five Philips MR16 MASTER

LEDs 10/50 W, emission profile is available in Figure S1) illumi-
nated the pressurised chamber from below and the camera (Imaging
Source DFK 23UM021 with Aptina CMOS MT9M021, see Figure S1 for
quantum efficiency profile) captured the intensity of the transmitted
light from the top. Additionally, an IR-filter was mounted before the
camera lens to eliminate signals coming from spectrum above 700 nm.
Furthermore, considering the measurement range and the difference
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in the optical transmission values between the red, green, and blue
channels, the green channel with measurement range of 450–700 nm
was chosen for this study. An example of the recorded transmission
from the specimens is depicted in Fig. 1(b). The bright squares in
Fig. 1(b) indicate the specimens where each square corresponds to one
type of metal hydride. The PC captured this image every 1 s and this
procedure was carried out at 28 ◦C, 90 ◦C, 150 ◦C, 210 ◦C, and 270 ◦C.

.2.1. Data processing
To examine the optical transmission of the specimens with changes

n hydrogen concentration, we carried out three steps of data process-
ng on the captured images, starting from image processing. First, we
efined region of interests (ROI in the size of approximately 60 × 60
ixels) on the square areas (see Fig. 1(b) where each square corresponds
o a sensing material).

The second step is obtaining the optical transmission values
ln(𝐻2

∕0)) of each material as depicted in Eq. (3).

ln(𝐻2
∕0) =

[

ln
{

(𝑡𝐻 − 𝑡𝑑𝑎𝑟𝑘)
(𝑡0 − 𝑡𝑑𝑎𝑟𝑘)

}]

−
[

ln
{

(𝑡𝑐 − 𝑡𝑑𝑎𝑟𝑘)
(𝑡0 − 𝑡𝑑𝑎𝑟𝑘)

}]

(3)

ollowing the defined regions of interest, we took the mean value of
ach ROI during hydrogen exposure (𝑡𝐻 ), without hydrogen exposure
𝑡0) and corrected these values using the dark noise (𝑡𝑑𝑎𝑟𝑘). The ratio
f these values was further corrected by a reference sample (𝑡𝑐) that
s a material which does not change optical properties with hydrogen
i.e. Al, Ta50Pd50) to compensate for intensity fluctuations of the light

source. We applied this step to all recorded images.
The last step is merging the transmission values and the pressure

data. As the material was exposed to a constant hydrogen concentration
for 15−30 min, we took an average of the transmission values collected
uring 10−15 min of hydrogen exposure with camera frame rates of 1
ps. This average transmission value represents the transmission of the
pecimen at a specific hydrogen partial pressure which becomes the
ata point of Fig. 3. The three steps of data processing were performed
imultaneously in Python.

.3. Stability at high temperature

As the materials change their optical properties upon exposure to
ydrogen, the stability test measures the repeatability of these changes.
he test is performed by exposing the material to 350 cycles of chang-

ng hydrogen concentration in the atmosphere (𝐶𝐻2
in Eq. (2)) at

270 ◦C. The observed concentrations are 0.4% and 4% with a baseline
of 0.01%. The concentration changes every 5 min between 0.01%
−4% − 0.01% − 0.4% and the experimental set-up was the same as in
Section 2.2.

2.4. Structural analysis

Exposure to temperatures above room temperature increases the
chance of structural damages in the thin films, such as interface mixing
or delamination. The structural analysis focuses on examining the
integrity of the thin film layers in respect to changing temperature and
hydrogen concentrations. We used X-ray reflectometry (XRR) to ob-
serve the existence of thin-film layers in the specimens and to measure
the thickness of the sensing materials. Additionally, X-ray diffraction
(XRD) was performed to evaluate the phases of the thin films and to
monitor the 𝑑-spacing (lattice spacing) of the sensing materials upon
contact with changing temperatures and hydrogen concentrations. Both
measurement techniques were performed using a Bruker D8 Discovery
(Cu K𝛼, 𝜆 = 0.1542 nm) with a LYNEXE XE detector operating in 0D
mode and a Göbel mirror. The specimens were placed inside a dome
which allows in-situ measurements in respect to changing temperature
and gas pressure. Below are the additional details of the measurement
procedure.
608
2.4.1. Structural analysis in respect to temperature
The specimens were heated to 28 ◦C, 60 ◦C, 90 ◦C, 120 ◦C, 150

◦C, 180 ◦C, 210 ◦C, and 270 ◦C and the temperature was kept constant
during the measurements. The measurement started 15 min after the
set temperatures were reached to ensure equilibrium and the speci-
mens were exposed to surrounding air. The height and angle of the
specimens were re-aligned for every temperature to minimise the errors
from mispositioning due to thermal expansion. The XRR measurements
(0–5◦) were carried out using 0.1 mm slits (3 pcs), whereas the Bragg–
Brentano XRD was performed with three 0.6 mm slits at angle of 2𝜃 =
30–90◦.

2.4.2. Structural analysis in respect to hydrogen exposure
Measurements related to changing hydrogen partial pressures were

performed at a constant temperature of 270 ◦C. The height and angle
of the specimens were aligned before exposing them to hydrogen
containing gas. The specimens were then exposed to 4% hydrogen in
helium at a variety of pressures (between 103 to 106 Pa) to achieve
different hydrogen partial pressure values (see Eq. (1)) and thus hydro-
gen concentrations in the atmosphere (see Eq. (2)). The pressures were
kept constant during the measurements that started approximately one
minute after the set pressure was reached. The XRR measured 0–4◦,
while the XRD was performed on 35–45◦. Both measurements were
carried out using 0.2 mm slits as exit slit, acceptor slit, and receiving
slit.

The XRR data analysis was conducted on GenX3 [35] where the data
was fit to a model that estimates the layer thicknesses. The XRD data
analysis was carried out in Python by fitting the data to a pseudo-Voigt
function for Pd, Pd1−𝑥Au𝑥 and two pseudo-Voigt functions for the Ta,
Ta1−𝑥Ru𝑥, Ta1−𝑥Pd𝑥 samples since they have an additional of Pd0.6Au0.4
as a catalyst layer.

3. Results and discussion

A reliable hydrogen sensing material requires several functionali-
ties including (1) being able to provide significant change of optical
properties upon small variations of hydrogen pressures, (2) demon-
strating reversible and repeatable optical response for multiple cycles
of changing hydrogen pressures, (3) providing an optical response
across a wide sensing range especially below the explosive limit of
hydrogen when it comes to safety purposes, and (4) being able to
provide signals at temperatures above 100 ◦C when heat is involved
in the applications. The following passages describe the functionalities
of palladium, palladium alloy, tantalum, and tantalum alloy thin films
as hydrogen sensing materials when exposed to high temperatures up
to 270 ◦C.

3.1. Optical response beyond 28 ◦C

Fig. 2(a)–(c) depicts the natural logarithm of the relative optical
transmission (ln(𝐻2

∕0)) over time when the hydrogen pressures were
varied between 10−2 Pa and 105 Pa at 270 ◦C, see Fig. 2(d)–(f). The
step changes in the optical transmission are well-defined and reflect the
changes in hydrogen pressure. Negative ln(𝐻2

∕0) values indicate that
the transmission decreases upon exposure to hydrogen and the mate-
rials turn more opaque. The ln(𝐻2

∕0) values following the reduced
hydrogen partial pressure (dehydrogenation) is the same as when the
hydrogen partial pressure increases (hydrogenation; see dashed line
on Fig. 2(b)), indicating a reversible effect and the absence of any
hysteresis. This result is consistent with the previously reported optical
response at room temperature [26,28], implying that the hysteresis
free and reversible optical response of tantalum and tantalum alloys
continues to occur at 270 ◦C.

For a better visualisation of the partial hydrogen pressure dependent
optical response, we plot ln(𝐻2

∕0) values as a function of hydrogen
partial pressures in Fig. 3. It is clear that at 270 ◦C, the optical response
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Fig. 2. (a–c) Relative changes of the optical transmission ln(𝐻2
∕0) values of Ta, Ta0.94Ru0.06, and Ta0.94Pd0.06 following (d–f) variations of hydrogen partial pressures at 270 ◦C.

Dashed lines in (b) serve as guide to the eye, indicating the same ln(𝐻2
∕0) values after increased and decreased hydrogen partial pressures. Variations of hydrogen partial pressure

are (d) 0.4 ≤ P𝐻2
≤ 10 Pa, (e) 10 ≤ P𝐻2

≤ 1000 Pa, and (f) 1000 ≤ P𝐻2
≤ 60 000 Pa.
Fig. 3. Relative changes of optical transmission ln(𝐻2
∕0) values of (a) palladium and (b) tantalum based metal hydrides as a function of hydrogen concentration measured at

270 ◦C. Each data point corresponds to mean value of the relative transmission at a constant hydrogen partial pressure during increments (filled marks) and decrements (non-filled
marks) of the hydrogen partial pressures.
of tantalum and tantalum alloy thin films begins from a very low
hydrogen concentration (around 10−3% − 10−2%). The onset of optical
response shifts towards high hydrogen concentrations as the amount of
alloying composition increases due to compression of the unit cell of
the sensing material. Substitution by the alloying elements in tantalum
reduces the volume of unit cell, leading to a lower amount of hydrogen
absorbed into the materials. The volume compression of the unit cell is
also element dependent [28]. For instance, ruthenium causes a larger
reduction of unit cell volume compared to palladium at the same
concentrations that can be seen in the 𝐻2

∕0 values of Ta0.94Ru0.06,
Ta0.94Pd0.06, Ta0.88Ru0.12, and Ta0.88Pd0.12.

In comparison to tantalum and tantalum alloy thin films, palladium
and palladium–gold thin films provide no optical response towards
changing hydrogen concentrations at 270 ◦C, as presented in Fig. 3(b).

To further investigate the shift of optical response at varying tem-
peratures, we plotted the ln(𝐻2

∕0) values for several temperatures
between 28 ◦C and 270 ◦C in Fig. 4. The figure demonstrates that
the optical response shifts towards higher hydrogen pressures when
a higher temperature is applied to the materials. This phenomenon is
expected to occur according to the Van’t Hoff’s law. However, these
results suggest that tantalum and tantalum alloy are still able to provide
a wide sensing range particularly at low hydrogen pressures (below 103
609
Pa or lower than 1% of hydrogen concentration in the atmosphere)
even at elevated temperatures up to 270 ◦C.

Meanwhile, the optical response of palladium and palladium al-
loy diminishes at elevated temperatures, for example at 150 ◦C, the
detectable optical response begins at a very high hydrogen pressure
(above 104 Pa or more than 10% of hydrogen concentration in the
atmosphere). Given that the lower flammability limit of hydrogen in the
air is around 4% [36,37], palladium and palladium alloy are not suit-
able as hydrogen sensing materials for safety purposes at temperatures
above 90 ◦C.

With regards to the application for hydrogen sensors, tantalum and
tantalum alloy demonstrate a remarkable optical response from 28 ◦C
to 270 ◦C. A reversible optical response can be easily achieved due
to the absence of hysteresis. Furthermore, the sensing range at high
temperatures still covers hydrogen concentrations below 1% and can
be further tuned by varying alloying elements or compositions.

3.2. Stability of the optical response at 270 ◦C

In addition to providing a wide sensing range at various tempera-
tures, a reliable sensing material should be able to produce a consistent
response over a long period of time with continuously changing hydro-
gen concentrations. Fig. 5 shows the results of stability tests performed
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Fig. 4. Relative changes of optical transmission ln(𝐻2
∕0 of (a)–(c) tantalum alloy and (d)–(f) palladium alloy as a function of hydrogen concentration measured at various

temperatures from 28 ◦C to 270 ◦C. The data represents values obtained after stepwise increasing the hydrogen partial pressures.
Fig. 5. Optical response of Ta, Ta0.94Pd0.06, and Ta0.94Ru0.06 during 350 cycles of changing hydrogen concentrations at 270 ◦C. ln(𝐻2
∕0) values corresponding to 50 cycles are

depicted in (a)–(c), while details of the optical transmission for every 100 cycles are shown in (d)–(f).
on tantalum, tantalum–palladium, and tantalum–ruthenium specimens
where (a)–(c) depict the ln(𝐻2

∕0) values during 50 cycles taken after
cycle 300, while (d)–(f) illustrate the ln(𝐻2

∕0) values during one cycle
and being compared for every 100 cycles. The graphs demonstrate im-
mediate response and recovery time following the change in hydrogen
concentrations.

The stability test results show that the optical response of tantalum
and tantalum alloy is stable for at least 300 cycles at 270 ◦C, indicated
by the identical distribution of ln(𝐻2

∕0) values over 350 cycles.
This implies that the optical response is highly repeatable, promising
accuracy and reliability above room temperatures up to 270 ◦C.

Fig. 5 shows that the optical contrast of tantalum is the high-
est among the three materials followed by tantalum–palladium, and
tantalum–ruthenium. Optical contrast refers to changes in ln(𝐻2

∕0)
values following the change in hydrogen pressures/concentrations
which in this case is between 0.01% −0.4%− 4%. As a large contrast
610
can be related to sensitivity, tantalum can potentially provide better
sensitivity compared to tantalum–palladium and tantalum–ruthenium
at 270 ◦C.

3.3. Thermal expansion of the thin films

Prolonged contact to elevated temperatures can expand the thin
films which may cause damages, such as cracks, delamination or inter-
diffusion. We measure lattice spacing and layer thickness of the sensing
material using XRD and XRR with respect to changing temperatures
to examine the thermal expansion of the thin films and possibility of
damages in the thin film layers.

Lattice expansion of the thin films is indicated by the shift of the
diffraction peak towards lower 2𝜃 angle. Fig. 6(a) depicts the diffraction
pattern of ⟨110⟩ Ta0.94Ru0.06 with a capping layer of Pd0.6Au0.4 at
28 ◦C, 150 ◦C, and 270 ◦C. We note that the films are strongly textured
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Fig. 6. Structural analysis of the thin films consisting of (a) XRD measurements and (b) XRR analysis identifying (c) out-of-plane 𝑑110 (Ta, Ta0.94Ru0.06)/𝑑111 (Pd0.6Au0.4) and (d)
layer expansion due to increase of temperatures. The slopes of the layer expansion correspond to the volumetric thermal expansion of the thin films summarised in Table 1. The
dots in (c) indicate the measured data, while the solid lines are the fitting model to the data on the basis of which the layer expansion has been deduced. The corresponding SLD
profiles can be found in Figure S6.
Table 1
Volumetric thermal expansion coefficient derived from layer expansion in Fig. 6(d) and
their comparison to bulk materials [38].

Materials Measured coefficient (10−6 K−1) Literature (10−6 K−1)

Ta 66.4 ± 6.56 19.5
Ta0.94Ru0.06 69.07 ± 3.31
Pd0.6Au0.4 116.8 ± 28.62 42 (Pd alloys)

as only the ⟨110⟩ and ⟨220⟩ peaks of Ta0.94Ru0.06, including the ⟨111⟩
and ⟨222⟩ peaks of Pd0.6Au0.4 were observed in the full diffraction
pattern from 30◦ to 90◦ (see Figure S4). The diffraction results do
not indicate the appearance of an additional phase in the specimens,
implying that no phase transition occurs when the thin films are heated
up to 270 ◦C.

The reflectometry results, for which examples are depicted in
Fig. 6(c), shows well-defined fringes, indicating the existence of thin
film layers in the specimens at temperatures ranging from 28 ◦C to
270 ◦C. Given the fact that the specimens were exposed to each
temperature for one hour and several days of testing with hydrogen
exposure at 270 ◦C, there is so far no indication of interdiffusion found
related to prolonged exposure to high temperatures up to 270 ◦C. This
is consistent with the stability test results.

After obtaining positive results from the diffraction and reflectom-
etry measurements, we calculated the lattice and layer expansion of
the sensing materials as summarised in Fig. 6(c) and (d). Since our
specimens are thin films, the increase in layer thicknesses corresponds
to the increase in volume. It is seen in Fig. 6 that the layer expan-
sion is approximately three times larger than the lattice expansion.
Additionally, this also indicates that the thermal expansion is isotropic.
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As the volumetric expansion follows a linear trend (see Fig. 6(d)),
the slope of a linear fit of the data indicates the volumetric coefficients
of thermal expansion. We have summarised these coefficients in Ta-
ble 1. Compared to the bulk materials, our thin films are about 3 to 4
times higher. It is known that thin films tend to have a distinct thermal
expansion coefficient compared to bulk materials due to substrate
clamping and surface effects [39]. Therefore, we see a layer expan-
sion three times higher than the lattice expansion and subsequently a
larger volumetric thermal expansion coefficient compared to the bulk
materials.

3.4. Structural analysis during hydrogen absorption at 270 ◦C

We have shown that tantalum and tantalum alloy have a remarkable
optical response at 270 ◦C to hydrogen. Finally, this subsection de-
scribes their structural behaviour with regards to hydrogen absorption
at 270 ◦C.

In-situ XRD measurements were performed during loading of hydro-
gen to palladium–gold, tantalum, tantalum–ruthenium, and tantalum–
palladium thin films at 270 ◦C. The diffraction patterns do not indicate
any phase transition due to hydrogen absorption as no new additional
peaks appear in the patterns. We thus calculated the lattice expansion
values as depicted in Fig. 7(a). It is clear that the lattice of palladium–
gold does not expand upon exposure to changing hydrogen pressures.
This result is aligned to the optical measurements of palladium–gold
that does not indicate any optical response at 270 ◦C.

Then, we compared the out-of-plane lattice expansion with respect
to hydrogen exposure measured at 270 ◦C to the expansion at 28 ◦C (see
Fig. 7(b)) in which the expansion of tantalum and tantalum alloy was
reproduced from the literature [26,28]. The figures show that lattice
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Fig. 7. Structural analysis related to hydrogen exposure at 270 ◦C. (a) and (b) depict a comparison of 𝑑111/𝑑110 lattice expansion as a function of hydrogen partial pressure measured
at 270 ◦C and 28 ◦C. X-ray diffraction patterns measured at 270 ◦C are available in Figure S5. (c) is an example of an XRR measurement result for Ta0.94Ru0.06. The dots indicate
the measured data and the solid lines correspond to the fitted model to the data. The corresponding SLD profiles are available in Figure S6. (d) shows layer expansion derived
from the reflectograms, while (e) illustrates the relation of layer and lattice expansion. Lattice expansion of tantalum and tantalum alloy at 28◦ was reproduced from [26,28].
expansion of tantalum and tantalum alloy is substantially smaller at
270 ◦C. This is in agreement with Van’t Hoff’s law and the optical
transmission measurements.

The in-situ XRR results at 270 ◦C, example shown in Fig. 7(c),
demonstrate well defined fringes for all the observed hydrogen pres-
sures. This indicates well defined thin film layers with minimum possi-
bility of damages. This result agrees with the stability test and that the
thin films are able to produce a stable optical response at 270 ◦C.

A linear relationship between layer expansion and hydrogen partial
pressure was observed for tantalum and tantalum alloy thin films at
270 ◦C (see Fig. 7(d). Whereas, palladium–gold thin film does not
indicate any changes in the thickness related to hydrogen absorption,
which is in accordance to their optical and in-situ XRD measurement
results.

To further understand the structural response of the thin films to
hydrogen, we plotted the layer expansion of tantalum and tantalum
alloy as a function of their lattice expansion in Fig. 7(e). Unlike the
thermal expansion, the layer expansion shows a linear relation to the
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lattice expansion. This implies that the volumetric expansion due to
hydrogen absorption occurs in one direction towards the out-of-plane
axis by a gradual elastic deformation of the unit cell. This phenomenon
has previously been observed at room temperature as a unique charac-
teristic of tantalum thin film [27]. Hence, this result confirms that the
phenomenon still occurs at 270 ◦C.

The structural behaviour of the thin films is consistent with the opti-
cal response described in Section 3.1. Hydrogen absorption followed by
elastic deformation of the unit cell occurs at 270 ◦C which explains the
observed optical response of tantalum and tantalum alloy. These results
demonstrate that tantalum and tantalum alloy can serve as reliable
hydrogen sensing materials at high temperatures up to 270 ◦C.

4. Conclusions

We have measured the optical response and structural behaviour
of palladium, palladium–gold, tantalum, and tantalum alloy thin films
upon exposure to varying hydrogen concentrations at 270 ◦C. The thin
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films were exposed to high temperature up to 270 ◦C and 350 cycles
of changing hydrogen concentrations to investigate their durability and
stability. These examinations suggest the following findings related to
hydrogen sensing at high temperatures.

• Palladium and palladium–gold thin films are able to detect hydro-
gen below its explosive limit (4%) up to about 90 ◦C. Beyond this
temperature, the detection limit falls above the explosive limit of
hydrogen and no optical response can be distinguished at 270 ◦C.

• Tantalum provides good hydrogen sensing capability up to 270 ◦C
as indicated by a large optical contrast in the range of 0.01% −
100% at temperatures ranging from 28 ◦C to 270 ◦C.

• No indications of layer interdifussions or deformations were
found in the thin films due to hydrogen absorption at 270 ◦C.

• The thin films demonstrate a high tolerance for prolonged ex-
posure to elevated temperatures up to 270 ◦C. This is shown
by the absence of additional peaks in the X-ray diffraction pat-
terns and the persistence of well defined fringes from the XRR
measurements.

• Isotropic thermal expansion occurs in the thin film when it is
heated up to 270 ◦C. Volumetric thermal expansion coefficients of
the thin films are 3 to 4 times higher than that of bulk materials.

• The expansion resulting from hydrogen absorption at 270 ◦C
takes place along the out-of-plane axis, as indicated by the linear
relation between the expansion of the sensing layers and lattice
in the thin films.

These findings can be used to design optical hydrogen sensors
perating above the room temperature. The thin films can be easily
ntegrated into various optical sensor configurations, such as a (tilted)
ibre Bragg grating.
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