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ABSTRACT

Palladium thin films have been studied as hydrogen sensing materials and applied to variety of optical hydrogen
sensors. Recently, tantalum has emerged as an attractive option for hydrogen sensing materials due to its broad
sensing range and flexibility in tuning the sensing range by modifying the alloying composition or elements.
Following the demand for optical hydrogen sensors for aerospace applications, testing the performance of hydrogen
sensing materials is of interest. This work examines the optical response in respect to changing hydrogen
concentrations and thermal expansion of palladium-gold (Pdg ¢5Aug.35) and tantalum-ruthenium (Tag g7Rug o3
and Tag.91Rug.g9) thin films at temperatures similar to a hydrogen combustion engine. Our results suggest that
tantalum-ruthenium alloys are suitable for sensing hydrogen from ambient temperatures up to 270°C because
its low detection limit (0.01% of hydrogen in the atmosphere) is well below the explosive limit of hydrogen (4%
of hydrogen in the atmosphere).
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1. INTRODUCTION

Transitioning to a clean energy source is essential to mitigate severe environmental damages caused by excessive
use of fossil fuels. Hydrogen is of high demand as a clean energy carrier due to its high energy density per mass
and water vapour as its main combustion product. Given its explosive characteristics, monitoring hydrogen
leakages is crucial to ensure safe operation particularly in hydrogen fuelled aircraft. Accordingly, there is a need
for hydrogen sensors which can detect low concentration hydrogen over a wide temperature range.

Fibre optic sensors are small in size, lightweight, and immune to electromagnetic interference and sparks.!
They have a remote sensing capability that can be advantageous for aerospace applications. These sensors
can be further developed to become hydrogen sensors by coating them with materials that can change optical
properties in response to changing hydrogen concentration.?® Palladium thin films have been studied as a
sensing material on various configurations of fibre optic hydrogen sensors.®%# The material undergoes a first
order phase transformation upon exposure to 1-10% of hydrogen concentration in the atmosphere. This leads
to a significant optical contrast in a narrow sensing range below the explosive limit of hydrogen. However, such
phase transition leads to hysteretic behaviour which can cause ambiguous optical response and limits the sensing
accuracy. To address this issue, alloying elements, such as gold, have been introduced to suppress the hysteresis
response at the expense of reduced optical contrast.”

Another emerging hydrogen sensing material is tantalum. Tantalum demonstrates a broad sensing range
from 0.001% to 100% of hydrogen concentration in the atmosphere.!® The addition of alloying elements can
alter the sensing range, showcasing customisability and versatility for various applications.!! Unlike palladium,
tantalum does not demonstrate phase transformation related to hydrogen absorption,'? meaning that a reversible
and hysteresis-free optical response with respect to changing hydrogen concentrations can be easily achieved by
tantalum.
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Hydrogen sensors operating in a hydrogen fuelled aircraft may be exposed to harsh environments. For
instance, the area surrounding the aircraft combustion engine can easily reach temperatures above 100°C. These
high temperatures pose challenges for the performance of the hydrogen sensing materials. Possible risks include
(1) detection limit falling above the explosive limit of hydrogen due to shifting of the sensing range following a
shift of hydrogen concentration window in which the material absorbs hydrogen according to Van’t Hoff’s law'3
and (2) interdiffusion of the thin film layers due to prolonged exposure to high temperatures.'4

To develop a reliable hydrogen sensor and ensure safety of the hydrogen-fueled aircrafts, it is necessary to
analyse the functionality of hydrogen sensing materials at temperatures similar to the environment in the aircraft.
In this work, we examine the performance of palladium alloy and tantalum alloy in response to changing hydrogen
concentrations at temperatures ranging from 28°C — 270°C. This work provides an overview on the functionality
of Pdg.g5Au9.35, Tag.g7Rug.03, and Tag.g91 Rug g9 for hydrogen sensing at temperatures above ambient temperature.

2. METHODOLOGY

Our examinations consist of optical and structural characterisations on palladium-gold (Pdgg5Aug.35) and
tantalum-ruthenium (Tag g7Rug 03 and Tag.g1Rug g9) thin films. We have selected these materials because they
are ones of the most promising hydrogen sensing materials identified in the literature. The following subsections
describe the experimental details.

2.1 Fabrication of specimens

The specimens were fabricated using magnetron sputtering on quartz substrate in the size of 10 x 10 x 0.5 mm?,
consisting of a 4-nm-thick adhesive layers (titanium), a 40-nm-thick sensing layer (palladium-gold or tantalum-
ruthenium), and a 10-nm-thick catalytic layer for tantalum-ruthenium specimens (PdggAug.4). We kindly refer
to our previous work for the exact deposition conditions.'™ 13

2.2 Measurement of the optical transmission

Optical transmission of the specimens was measured using hydrogenography.'® The hydrogenography set-up
consists of a pressurised chamber where the specimens were mounted, an oven to control the temperature of the
pressurised chamber, an illumination source, a camera, and a PC connected to a pressure controller. Both the
pressurised chamber and the oven have opening windows at the bottom and at the top that allow transmission
from the illumination source to the camera.

We varied the partial pressure of hydrogen by using pre-mixed and calibrated mixture of hydrogen gas
in argon. A Labview program running on a PC controls and records the gas pressure and flow during the
measurements. We programmed increment and decrement steps of pressure (between 0.5 to 10° Pa) every 15-30
minutes in the pressurised chamber with a typical flow 10 — 20 ml/min. The hydrogen concentration in this
study was calculated by comparing the measured hydrogen partial pressure to the atmospheric pressure (101 325
Pa).

The camera captured intensity of the transmitted light (450 — 700 nm) through the specimens. The relative
optical transmission (In(7g,/7o)) was approached using:

1n(TH2/Tc>):1n{(tH_td‘““’“)}—1n{(tC_td“”“)} (1)

(tO - tdark:) (tCO - tdark)

where tp,, to, tdark, te, and too denotes the captured intensity during hydrogen exposure, without hydrogen
exposure, dark noise, intensity from a reference sample, and its initial transmission respectively. The reference
sample is a material that does not change optical properties upon contact with hydrogen. As such, the calculation
can compensate intensity fluctuations from the light source. This experimental procedure was carried out at
28°C, 90°C, 150°C, 210°C, and 270°C.
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2.3 Structural analysis

X-ray reflectometry (XRR) were performed in this study to observe the coherence of the thin-film layers and
measure their thicknesses. The measurements were performed using a Bruker D8 Discovery (Cu Ko, A = 0.1542
nm) with a LYNEXE XE detector and a Gobel mirror. The specimens were stepwise heated to 28°C, 60°C,
90°C, 120°C, 150°C, 180°C, 210°C, 270°C inside an Anton Paar XRK900 Reactor chamber (see reference!! for
details). The measurement started 15 minutes after the set temperatures were reached to ensure equilibrium
and the specimens were exposed to surrounding air. The height and angle of the specimens were carefully re-
aligned for every temperature to minimise the errors from mispositioning due to thermal expansion. The XRR
measurements were carried out at the angle of 0 — 5° using 0.1 mm slits; one mounted directly, one mounted
after the Gobel mirror and one before the detector.

3. RESULTS AND DISCUSSION

Figure 1 depicts the changes of relative optical transmission of palladium-gold and tantalum-ruthenium thin
films with respect to changing hydrogen concentrations in the atmosphere. At 28°C (see Figure 1(a)), both
palladium-gold and tantalum-ruthenium indicate gradual changes of the optical transmission values, although the
two materials demonstrate distinct transmission behaviour. The gradual change begins at 0.01% for palladium-
gold and 0.001% for tantalum-ruthenium samples. As the temperature increases to 270°C (see Figure 1(b)),
no changes in transmission are observed for palladium-gold and this holds true also for tantalum-ruthenium at
low hydrogen concentration (0.001 — 0.01%). The optical transmission of tantalum-ruthenium samples begin
to change after exposure to 0.01% of hydrogen. These results suggest that reduced sensing sensitivity at low
hydrogen concentrations should be expected at elevated temperatures.
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Figure 1. Changes of optical transmission of Pdo.e5Aug.35, Tag.97Ruo.03 and Tag.g1Ruo.o9 in response to varying hydrogen
concentrations relative to te transmission of the film in the absence of hydrogen (7). (a) — (b) depict a comparison of all
observed materials at 28°C and 270°C, while (¢) — (e) demonstrate the influence of temperatures on the optical response
for Pdo.65Auo.35, Tag.97Ruo.03 and Tag.91 Rup.09 respectively. The relative transmission values were calculated according
to equation 1.

According to Figure 1 (c¢), reduced sensing sensitivity of palladium-gold already occurs at 150°C where
changes in relative transmission only occur after 1% of hydrogen. This is crucial for safety purposes as the
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explosive limit of hydrogen in around 4%.'” Consequently, palladium-gold is unsuitable for hydrogen sensing at
temperatures above 90°C. However, tantalum-ruthenium provides hydrogen sensing capability at concentrations
as low as 0.01% even when the temperature reaches 270°C (see Figure 1(d)—(e)).

Repeatability of the optical response are crucial aspects for sensing accuracy and reliability. As Tag.g7Rug o3
has shown a remarkable optical response up to 270°C, we tested the stability of its optical response by exposing
the materials to 350 cycles of changing hydrogen concentrations (0.01% - 4% - 0.4%) at 270°C. Figure 2(a) depicts
the relative transmission values acquired from cycle 300 up to cycle 350, with further emphasise on comparison
of every 100 cycles shown in Figure 2(b). The transmission is consistent for the observed cycles, indicating high
repeatability and endurance to high temperatures up to 270°C.
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Figure 2. (a) Stability of Tag.97Rug.o3 optical response at 270°C accompanied by (b) detail comparison of optical response
every 100 cycles. (c) XRR measurement result of Tag.97Ruo.03 at various temperatures (the data is shifted for better
visibility) and (d) its linear thermal expansion derived from the measurement analysis.

As interdiffusion between thin film layers has been previously reported for some metal thin films,'* we
performed XRR measurement at elevated temperatures from 28°C to 270°C. Following the procedure mentioned
in section 2.3, our measurement results demonstrate well-defined fringes, indicating the existence of the layered
structure in the specimens which is confirmed by further fitting the data. Accordingly, we do not see any signs
of interdiffusion which shows that the materials are stable up to 270°C. This is consistent with the stability test
results which demostrate reversible optical response over 350 cycles at 270°C. The layer expansion of tantalum-
ruthenium (see Figure 2(d)) was thus calculated by comparing the thickness measured at elevated temperatures
to the thickness measured at 28°C. The volumetric thermal expansion coefficient derived from this measurement
is 73.86 & 0.94 x 1075 K~!, which is almost 4 times higher than the volumetric expansion coefficient of bulk
tantalum (19.5 x 1076 K~1).18 Thin films are known to have distinct thermal expansion coefficient compared
to bulk materials due to substrate clamping and surface effects.!”
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4. CONCLUSION

Reduced sensitivity of Pdg.g5Aug.35, Tag.97Rug 03, and Tag.g91Rug g9 at low hydrogen concentrations is expected
when the operating temperature increases above 90°C. Our measurement results suggest that at temperatures
above 90°C, the low detection limit of Pdg.g5Aug.35 is above 1%, while Tag g7Rug.03 and Tag g1 Rug.g9 yields
a detection limit of around 0.01% and 0.1%, respectively at 270°C. The optical and structural analysis of
Tag.97Rup o3 indicate that this material is stable upon repeated and prolonged exposure to hydrogen at 270°C.
Hence, we propose Tag 97Rug. g3 as the best performing hydrogen sensing materials at elevated temperatures up
to 270°C.
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