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Algorithm to Suppress Drift for Micromirror and
Other Intensity-Modulated Hydrogen Sensors

Lars J. Bannenberg

Abstract—Here, a method to suppress drift in intensity-
modulated sensors is presented that preserves the
advantages of such sensors including simplicity and
low-cost components. This method is illustrated using
metal hydride-based optical hydrogen sensors that can
reliably, accurately, and quickly sense hydrogen across a
large concentration range. These sensors rely on a metal
hydride-sensing material that reversibly absorbs hydrogen
when a hydrogen concentration is present. In turn, this
causes a change in the optical properties which can be
probed to determine the hydrogen concentration. To do
this, two major methods exist: intensity- and frequency-
modulated sensors. While intensity-modulated sensors are
typically simpler and cheaper to fabricate, they may suffer
from drifting light sources and unstable alignments. Using
the fact that exposure to hydrogen reduces (increases) the
optical transmission (reflectivity) of a Ta-based sensing
material for blue/green light while it increases (decreases) the transmission for (near) infrared (IR) light, it is possible
to differentiate between a changing hydrogen concentration and a drifting light source: Whereas the signal of both
wavelengths is positively correlated for a drifting light source, the signal is negatively correlated when the hydrogen
concentration changes. Using this algorithm, the drift on the signal can be reduced by a factor of 5 for intensity-
modulated sensors. In a more general perspective, the wealth of information in the wavelength-dependent optical
response allows for more advanced approaches to improve the signal and accuracy of (optical) sensors.

Index Terms— Algorithm, drift, optical hydrogen sensing.

I. INTRODUCTION

HYDROGEN is envisioned to play a major role in the
transition to a green economy, both as a large-scale

storage medium and as a feedstock for the chemical industry
[1], [2], [3], [4]. As hydrogen–air mixtures can be flammable
or even explosive, accurate and reliable hydrogen sensors that
can detect the smallest concentration of hydrogen leakages are
pivotal for the safe and successful implementation of hydrogen
as an energy carrier. Such leakages are also important to detect
from an environmental point of view as hydrogen is an indirect
greenhouse gas, and hydrogen sensors may also be used for
performance monitoring and enhancement of devices such as
fuel cells [5], [6], [7].

Optical metal hydride hydrogen sensors feature major ben-
efits over other types of sensors such as their large sensing
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range, fast response, and the fact that they are inherently
safe: no currents are required near the sensing area [8], [9],
[10], [11], [12], [13], [14]. These optical sensors rely on a
metal hydride-sensing material that gradually and reversibly
absorbs hydrogen when hydrogen is present in the vicin-
ity of the sensor. In turn, the absorbed hydrogen changes
the optical properties of the metal hydride, which can then
be probed to determine the hydrogen concentration/pressure.
To do this, two major methods can be distinguished: intensity-
and frequency-modulated hydrogen sensors. In intensity-
modulated sensors, the optical transmission or reflectivity of
the sensing material is probed, such as in a micromirror
sensor [15], [16], [17]. In frequency-modulated sensors, such
as fiber-Bragg gratings [18], [19], [20] and (localized) surface
plasmon resonance sensors [9], [12], [21], [22], [23], the
exposure of the sensor to hydrogen causes a wavelength
shift. While frequency-modulated sensors have the substantial
advantage that they are not sensitive to intensity fluctua-
tions of the light sources and are therefore more stable
than intensity-modulated sensors, they contain more complex
and expensive components. In particular, the drifting inten-
sity of the light source or detection efficiency compromises
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the accuracy and long-term stability of intensity-modulated
sensors.

Here, the fact that Pd-alloy-capped tantalum-based
hydrogen-sensing materials [24], [25], [26], [27] feature an
opposite optical response to hydrogen for green/blue and
infrared (IR) light is used to effectively suppress drift due to,
for example, the fluctuations of the light source using a simple
algorithm. While in this case, Ta-based alloys are primarily
selected as the direction of the optical response to changing
hydrogen concentrations is different for different wavelengths,
these materials offer good hydrogen-sensing properties in
terms of the magnitude of the optical contrast, absence of
hysteresis, response time, and concentration range that can be
probed. Indeed, while the optical transmission (reflectivity)
increases (decreases) upon exposure to hydrogen for blue and
green light, it decreases (increases) for (near) IR light when
the material is exposed to hydrogen. The algorithm uses this
property and is based on the idea that fluctuations of the
light source cause the same response to both the green/blue
and IR light signal, that is, they are positively correlated.
Differently, a change in hydrogen causes an opposite response
to the detected green and IR light response, that is, these
signals are negatively correlated. Using this approach, the
drift can substantially be suppressed ensuring an accurate
determination of the hydrogen concentration. As a side gain,
this simple algorithm can also increase the resolution of the
hydrogen sensor. As such, the algorithm in combination with
a sensing stack with the property of opposite responses to
hydrogen for different wavelengths, substantially enhances
the performance of intensity-modulated hydrogen sensors
while preserving the simplicity and cost advantages of an
intensity-modulated sensor.

II. EXPERIMENTAL

The thin-film sample, consisting of a 4-nm Ti adhesion
layer, a 20-nm Ta0.88Pd0.12 sensing layer, and a 30-nm
Pd0.6Au0.4 capping layer to catalyze the hydrogen dissocia-
tion and recombination reaction and prevent the film from
oxidation (nominal thicknesses), was deposited on 10 ×

10 mm2 quartz substrates with a thickness of 0.5 mm and
surface roughness <0.4 nm (Mateck GmbH, Jülich, Germany)
using magnetron sputtering. The deposition was performed
in 0.3 Pa of Ar by magnetron sputtering in an ultrahigh
vacuum chamber (AJA Int.) with a base pressure of 10−6 Pa.
During deposition, the substrates were rotated to enhance
the homogeneity. The deposition rates of the layers were
0.10 nm s−1 (125 W dc) for Ta, 0.05 nm s−1 (100 W dc) for Ti,
0.13 nm s−1 (50 W dc) for Pd, and 0.11 nm s−1 (25 W dc) for
Au. All targets have a diameter of 5.08 mm (2 in) and a purity
of at least 99.9% (Mateck GmbH, Jülich, Germany). Before
the deposition, the Ta target was presputtered for 10 min to
avoid possible contamination from the tantalum oxide and
nitride layers present at the surface of the target.

The sample was checked for layer thickness and quality with
X-ray reflectometry (XRR) and X-ray diffraction (XRD) using
a Bruker D8 Discover (Cu-Kα λ = 0.1542 nm) equipped with
a LYNXEYE XE detector (Bruker AXS GmbH, Karlsruhe,
Germany). XRD measurements were performed with a Göbel

mirror and a 0.6-mm fixed slit on the primary and two 0.6-mm
slits on the secondary side with the detector operated in the
0-D mode. These measurements revealed that Pd0.6Au0.4
is textured with the ⟨111⟩ direction out-of-plane and that
Ta0.88Pd0.12 crystallized in the body-centered cubic α-Ta phase
with ⟨110⟩ out-of-plane. Differently, for the XRR measure-
ments, three 0.1-mm slits were used. The data were fit with
GenX3 [28], [29] to obtain estimates for the layer thickness,
roughness, and density of the thin films. The fits show that the
thickness of Pd0.6Au0.4 is 30.0 nm with a root-mean-square
roughness of 1 nm and a thickness of 19.5 nm and roughness
of 1 nm for Ta0.88Pd0.12.

The optical measurements under various hydrogen concen-
trations/pressures were performed in a flow setup. The setup
consists of a small custom-made pressure cell with quartz
windows to allow optical transmission. For the transmission
measurements, one fiber is placed below and one above the
cell. For the reflection measurements, two fibers are mounted
under 30◦. In both cases, one fiber transports the light from
the Ocean Optics HL-2000-FSHA halogen light source (Ocean
Insights Orlando, FL, USA). The intensity of the light from
the fiber can be adjusted with a Thorlabs Cage System Iris
Diaphragm with a diameter of 0.8–20 mm (Thorlabs, Inc.,
Newton, New Jersey, USA), after which it is focused on
the sample with lenses. The reflected or transmitted light is
coupled into the other optical fiber connected to an Ocean
Optics Maya2000 Pro Series Spectrometer (Ocean Insights,
Orlando, FL, USA). During processing, the output from the
spectrometer was corrected by subtracting the background
signal of the spectrometer deduced by measuring with the
shutter closed (“dark” measurement).

To set the flow and hydrogen concentration, three flow
controllers were used with a flow of 0–100 s.c.c.m.,
0–200 s.c.c.m., and 0–250 s.c.c.m. (Thermal Mass GF Series,
Brooks Instrument, Hatfield, PA, USA). One of these flow
controllers is connected to the Ar gas network (5 N purity),
whereas the other two to either gas mixtures of 0.1% H2 and
4% H2 in Ar and 100% H2 (1cH2/cH2 < 2%, Linde Gas
Benelux BV, Dieren, The Netherlands). The setup is located
inside a lab in which the temperature is 19.5 ◦C and fluctuates
by ±0.5 ◦C.

III. RESULTS

The idea of the algorithm that is illustrated in Fig. 1 is that
it can discriminate between a change in hydrogen concen-
tration and a fluctuation of the light source by considering
the optical response of two wavelengths of light: one of
which is the transmission/reflection increases monotonically
with increasing hydrogen concentration, and one of which the
transmission/reflection decreases monotonically with increas-
ing hydrogen concentration. If this is the case, then the
response of the two wavelengths is positively correlated in the
case of fluctuations in the light source, while they are nega-
tively correlated when the hydrogen concentration/pressure is
changing.

To realize such a sensor, a sensing material stack is needed
that has the properties of: 1) opposite response to changing
hydrogen concentration for different wavelengths; 2) that this
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Fig. 1. Flowchart describing how the algorithm suppresses drift. For the method to work optimally, the two signals Mλ1 and Mλ2 should be
positively correlated when the hydrogen concentration stays constant and negatively correlated when the hydrogen concentration changes.

Fig. 2. Wavelength-dependent optical (a) transmission and (b) reflectivity of a thin film with a 4-nm Ti adhesion layer, a 20-nm Ta0.88Pd0.12
sensing layer, and a 30-nm Pd0.6Au0.4 capping layer when exposed stepwise to various concentrations of hydrogen in an Ar atmosphere at a
constant pressure of 1 bar. The data are normalized to the optical transmission/reflectivity at cH2 = 0.001% / PH2 = 1 Pa. Data adapted from [31].

change is monotonous; and 3) the optical response is free of
hysteresis. Tantalum-alloy materials such as Ta1−yPdy fulfill
all these requirements [24], [25], [26], [27], together with a
sensing response of at least seven orders of magnitude both at
room and elevated temperatures. Such materials are typically
combined with a capping layer that catalyzes the hydrogen
dissociation reaction and protects the sensing layer from, for
example, oxidation [30].

Fig. 2 shows that such an opposite response to hydrogen
can indeed be realized for a Ta0.88Pd0.12 sensing layer, both
in transmission and reflection. For a thin film with a 4-nm
Ti adhesion layer, a 20-nm Ta0.88Pd0.12 sensing layer and
a 30-nm Pd0.6Au0.4 capping layer, the film was exposed
to different hydrogen concentrations in argon using a flow
setup while measuring the optical transmission and reflection
(under 30◦) with a halogen light source and spectrometer
at room temperature. Fig. 2 illustrates that the optical trans-
mission decreases monotonously for blue and green light
(λ = 450, 500 nm) with increasing hydrogen concentration
by about 6% between cH2 = 0.001% and 100%. Differently,
the optical transmission increases monotonically for near-IR
light by up to 18% between cH2 = 0.001% and 100%.
Similar responses, yet in opposite directions, are found for
reflection.

The next prerequisite for such an algorithm to work is
that the drift in signal between the different wavelengths is
positively correlated. To test this, the optical transmission of
a thin film was monitored for about a week at a constant
hydrogen concentration. Fig. 3(a) shows that indeed a drift is
visible in the signal, including some spikes. Over this week’s
time, a maximum change in transmission of about 0.4% was
observed. Especially for the green light, this is about 10% of
the entire signal change when the hydrogen concentration is
increased from 0.001% to 100% and would thus result in a
substantial measurement error. This highlights that the large
effect drift can have on the sensor’s reading.

Most importantly, Fig. 3(a) shows that the signal of the dif-
ferent wavelengths is strongly correlated, following the same
spikes in the data. Indeed, the correlation between the various
green/blue light wavelengths, on the one hand, and the IR light
varies between 0.9 and 0.98, being the largest between λ =

535 and 895 nm light.
As a first step, an algorithm is considered that averages

every 150 s the optical response and then checks whether the
change in the optical response of both the λ = 535 and 895 nm
channel is positive or negative. If both changes are positive or
negative, then the algorithm identifies this as drift and does
not update the reading. If the two signals show a positive and
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Fig. 3. Wavelength-dependent optical transmission of a thin film with a 4-nm Ti adhesion layer, a 20-nm Ta0.88Pd0.12 sensing layer, and a 30-nm
Pd0.6Au0.4 capping layer was measured for about one week when exposed to a constant hydrogen concentration at room temperature. The data is
normalized to the optical transmission/reflectivity at t = 0. (a) Uncorrected data. (b) Data corrected with the algorithm. (c) Subtraction of the optical
response at λ = 935 nm from the one at λ = 535 nm.

Fig. 4. Wavelength-dependent optical transmission of a thin film with a 4-nm Ti adhesion layer, a 20-nm Ta0.88Pd0.12 sensing layer, and a 30-nm
Pd0.6Au0.4 capping layer measured for about one week when exposed for 24 h to cH2 = 4% and then alternatively for 1 h to cH2 = 4% followed
by 1 h to cH2 = 0.005%. The data is normalized to the optical transmission at t = 0 h. (a) Uncorrected data. (b) Data corrected with the algorithm.
(c) and (d) Closeup of the first 40 h for the uncorrected and corrected data, respectively.

a negative change, or vice versa, then the algorithm considers
it as a change in hydrogen concentration and updates the
response. It is important that the time period (or periods)
should be chosen long enough to ensure that the changes in
the signal are not dominated by noise. Furthermore, it is noted
that a rolling window algorithm can be implemented to provide
a live update of the signal or more advanced approaches
where instead of a fixed time period a fixed step size in the
transmission is taken (e.g., step of 2× the noise level) or more
wavelength ranges are used.

Fig. 3(b) shows the corrected response by this algorithm
and illustrates that the algorithm can suppress the drift of the
signal by up to a factor of 5.6. This is further detailed in
Tables I and II that report that for, for example, λ = 535 nm
light, the algorithm reduces the maximum deviation from
0.39% to 0.07%, that is, an improvement by a factor of 5.6.

In the remainder of the article, drift is referred to as the
maximum change of the signal keeping all other parameters
different during a specified time period.

Another simple approach would be to simply subtract the
response at λ = 935 nm from the one at λ = 535 nm. Fig. 3(c)
shows the result: compared to the individual responses, the
absolute drift is reduced, by up to a factor of 1.5 using this
“difference method.”

To see how both responses are affected when hydrogen
pressures are changed or when the signal is distorted delib-
erately by moving the optical fibers connected to both the
light source and the spectrometer, a new measurement was
performed. First, the sample was left for 24 h at cH2 = 4%,
while at t = 12 h, the optical fibers were moved. Subsequently,
from t = 24 h onward, the sample was alternatively exposed
for 1 h to cH2 = 4% followed by 1 h at cH2 = 0.005%,
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TABLE I
STANDARD DEVIATION (STD. DEV.) AND MAXIMUM DEVIATION FROM ONE OF THE WAVELENGTH-DEPENDENT OPTICAL TRANSMISSION

NORMALIZED TO THE OPTICAL TRANSMISSION AT t = 0 OF A THIN FILM WITH A 4-NM TI ADHESION LAYER, A 20-NM TA0.88PD0.12 SENSING

LAYER, AND A 30-NM PD0.6AU0.4 CAPPING LAYER MEASURED FOR ABOUT ONE WEEK WHEN EXPOSED TO A CONSTANT HYDROGEN

CONCENTRATION AT ROOM TEMPERATURE, THAT IS, THE DATA OF FIG. 3. T4% /T0.005% REFERS TO THE TRANSMISSION OF THE FILM

AT cH2 = 4% DIVIDED BY THE TRANSMISSION AT cH2 = 0.005%. ALL METRICS ARE REPORTED FOR BOTH THE UNCORRECTED

AND DATA CORRECTED WITH THE ALGORITHM. 530–930 NM REFERS TO THE SIGNAL OBTAINED WHEN THE SIGNAL

OF λ = 935 NM IS SUBTRACTED FROM THE ONE AT λ = 535 NM (“DIFFERENCE METHOD”)

TABLE II
DRIFT REDUCTION BY THE ALGORITHM BASED ON THE METRICS OF TABLE I AS WELL AS THE DRIFT RELATIVE TO THE AMPLITUDE OF THE

NORMALIZED CHANGE IN TRANSMISSION OF THE FILM WHEN THE HYDROGEN PRESSURE IS CHANGED FROM cH2 = 0.005% DIVIDED BY

THE TRANSMISSION AT cH2 = 4.0%. THESE METRICS ARE REPORTED FOR BOTH THE UNCORRECTED AND DATA CORRECTED WITH THE

ALGORITHM. 530–930 NM REFERS TO THE SIGNAL OBTAINED WHEN THE SIGNAL OF λ = 935 NM IS SUBTRACTED FROM

THE ONE AT λ = 535 NM (“DIFFERENCE METHOD”)

Fig. 5. Optical transmission at λ = 935 nm subtracted from the one at λ = 535 nm of a thin film with a 4-nm Ti adhesion layer, a 20-nm Ta0.88Pd0.12
sensing layer, and a 30-nm Pd0.6Au0.4 capping layer measured for about one week when exposed for 24 h to cH2 = 4%, during which at t = 12 h,
the optical fibers were deliberately moved. Subsequently, from t = 24 h onward, the sample was alternatively exposed for 1 h to cH2 = 4% followed
by 1 h to cH2 = 0.005%. The figure shows the subtracted data (“difference method”) without (labeled “uncorrected” in the figure legend) and with a
correction using the “correlation method” (labeled “corrected” in the figure legend) for the (a) full time period and (b) closeup of the first 40 h.

a procedure repeated for four days. The corresponding results
can be found in Fig. 4 for the correlation-based approach and
in Fig. 5 for the approaches based on taking the difference in
the signal between two wavelengths.

Fig. 4 shows that the algorithm can minimize the drift, also
between the pressure step. In addition, it filters the abrupt
movement of the fiber at t = 12 h completely, reducing
the overall drift from 0.40% to 0.06% for λ = 535 nm

and from 0.15% to 0.05% for λ = 935 nm. For the sub-
sequent steps that were applied after t = 24 h, a reduction
is seen in the maximum deviation (lowest–highest value
recorded of the cH2 = 4% level) from 0.64% to 0.3% with
respect to just considering λ = 535 nm and from 0.6%
to 0.5% when only λ = 935 nm would be considered.
Similar improvements are observed for the cH2 = 0.005%
level.
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Fig. 6. Schematic representation of a multiwavelength micromirror optical hydrogen sensor. The light, originating from an LED light source that
has maxima in both the green and near-IR spectrum, 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, for example, a CCD where half of the pixels are covered by a low- and high-pass wavelength filter to measure both the
red and green intensities. Upon a change in hydrogen pressure, the hydrogenation of the sensing layer (20–100 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 an adhesion layer that is often made of Ti. To prevent oxidation of the sensing layer and to catalyze the hydrogen
adsorption, a capping layer (typically a Pd-based alloy) is used. The obtained green and near-IR light signals can be processed digitally or analog
to obtain the reading for the hydrogen concentration.

The difference-based algorithm cannot completely remove
the change in signal due to the abrupt movement of the fiber at
t = 12 h as this change is of a different magnitude for the two
wavelengths. However, the algorithm does reduce the overall
drift substantially by a factor of 2 during the first 24 h. When
alternating pressure steps are applied, the difference approach
is very effective: it reduces the overall drift during the period
24 < t < 130 h to 0.28%, that is, by a factor 2.0, significantly
more than the factor 1.2 for the correlation-based mechanism
at λ = 935 nm. Indeed, unlike the correlation-based approach,
the algorithm can reduce the impact of drift during pressure
changes.

The best performance is obtained when both algorithms are
combined and the signal obtained with the difference method
is corrected with the correlation-based method. In this case,
both the drift during a constant hydrogen pressure, the jump
in signal when the fibers are moved, and the drift during the
alternating pressure steps are reduced substantially. Indeed,
in total, this results in the best result and the maximum
observed drift over a one-week period (Fig. 3 and Table II)
only constitutes 1/86th of the signal when the hydrogen
concentration is changed from cH2 = 0.005 to 4%, signifi-
cantly better than 1/19th for the best performing individual
wavelength. It is noted that a fraction of the remaining drift
is due to temperature fluctuations of ± 0.5 ◦C. Indeed, the
hydrogen-to-metal ratio of the thin film depends not only
on the hydrogen concentration in the environment, but also
on the temperature around the thin film, and as a result,
the optical response is temperature-dependent. Therefore, the
reported gains are an understatement. As such, in a real sensor,
a temperature sensor needs to be incorporated to translate the
change in transmission to a hydrogen concentration.

It is noted that both when using the correlation-based
algorithm and when using the difference approach, the

observed drift is larger when the hydrogen concentration is
changing than when the hydrogen concentration is constant.
In the first case, this is likely the result of the fact that
during a changing hydrogen pressure, the correlation-based
algorithm cannot detect any drift. In the case the difference
between the signals is computed, the different magnitude of
the response of the two different wavelengths may be at the
heart of this. As such, the algorithm is less effective for
applications where a change in hydrogen concentration is
constantly monitored, such as for hydrogen purity assessments
in fuel cells. For safety applications, the algorithm is perfectly
suited. In such applications, only incidental changes in the
hydrogen concentrations are to be expected.

There are various possibilities to realize a sensor in practice
in which these drift-mitigating algorithms are used. Fig. 6
shows one of them based on the micromirror approach where
a coating is applied on the tip of a multimode optical fiber.
Furthermore, a light source should be used that emits both
blue/green and near IR light, such as a green and IR LED or
laser powered by the same power supply to ensure that the
fluctuations of the light sources are highly correlated. This
light is then coupled into the multimode optical fiber. When it
reaches the tip of the fiber, it is partially reflected by the metal-
hydride coating, and the reflected intensity is subsequently
detected by, for example, two photodiodes or a charged cou-
pled device (CCD)/complementary metal oxide semiconductor
(CMOS) chip/two diodes of which half of the chip/one diode is
covered with an IR light filter (high-pass wavelength filter) and
the other half/diode with a green light filter. Subsequently, the
signal can be processed both in an analog (simple subtraction)
or a digital way. In processing the signal, the temperature of
the environment (which should thus be measured separately)
should be taken into account to convert the measured signal
to a hydrogen concentration. Indeed, the amount of hydrogen
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absorbed by a metal hydride-sensing material depends, at a
given hydrogen concentration, on temperature, and thus the
optical response, and depending on temperature, a different
calibration curve should be used (see [10], [32], and [33]).

Furthermore, in realizing such a micromirror sensor, cou-
pling the efficiency of different wavelengths with the same
optical coupler is important to avoid high loss of intensity
leading to a deterioration of the signal. It is noted that rather
than choosing green and IR light, other wavelengths can
also be used as long as the change in transmission/reflection
of these two wavelengths when a hydrogen concentration is
applied is opposite. Additionally, we note that a multimode
fiber needs to be used in this case as opposed to when a single
wavelength sensor is constructed for which a single-mode fiber
is sufficient. A downside of this is that it limits the bending
radius of the optical fiber owing to the larger core of the fiber.

IV. CONCLUSION

In conclusion, this work demonstrates that an opposite
response of different wavelengths to a change in hydrogen
concentration can be used effectively to enhance the sensing
performance and, in particular, reduce drift. Indeed, the fact
that the optical transmission (reflectivity) of a palladium-
alloy-capped Ta-based sensing material is reduced (increased)
for blue/green light when it is exposed to hydrogen while
in the same case, the transmission increases or reflectivity
decreases for (near) IR light can be used to differentiate
between a changing hydrogen concentration and a drifting
lamp: Whereas the blue/green and IR signals of a drifting
light source are positively correlated, a change in hydrogen
concentration causes two negatively correlated signals. While
the presented method is simple in nature, it is effective as it
can reduce the drift on the signal by a factor of 5. Moreover,
the wavelength-dependent optical response allows for more
advanced approaches to further improve the signal including
incorporating temperature effects and using artificial intelli-
gence as well as applications beyond the field of hydrogen
sensing.
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