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ABSTRACT: Here, we study the structural and optical properties of tetragonal β-
tantalum-sputtered thin films both ex situ and when exposed to hydrogen, with a
focus on optical hydrogen sensing applications. Using optical transmission
measurements, out-of-plane and in-plane X-ray diffraction, and X-ray and neutron
reflectometry, we show that thin film β-tantalum gradually, reversibly, and hysteresis-
freely absorbs hydrogen with an increasing hydrogen pressure/concentration. The
gradual absorption of hydrogen with increasing hydrogen concentrations induces a
change in the optical transmission and reflection. These quantities change reversibly
and are hysteresis-free over at least 5 orders of magnitude in hydrogen pressure/
concentration, making β-tantalum a suitable hydrogen sensing material. At all partial
hydrogen pressures studied, we observe that the volumetric expansion, hydrogen-to-
metal ratio, and lattice expansion are substantially smaller than for body-centered
cubic α-tantalum.
KEYWORDS: optical hydrogen sensing, metal hydrides, thin films, tantalum, X-ray diffraction, neutron reflectometry

1. INTRODUCTION
Tantalum and alloys thereof have recently been studied for
hydrogen purification membranes,1−5 and optical hydrogen
sensing applications.6−9 Optical hydrogen sensors rely on
materials that, when exposed to a hydrogen-containing
environment, absorb hydrogen and, in turn, change their
optical properties. These optical properties can be probed by,
e.g., measuring the optical reflectivity or transmission of the
material, which is directly related to the hydrogen concen-
tration around the sensor. Compared to conventional hydro-
gen sensors, optical sensors have a large and reversible
hydrogen sensing range, can be made small and inexpensive,
do not need the presence of oxygen, and most of all, do not
require any electric currents near the sensing area, which
makes them inherently safe.10−16 This makes optical hydrogen
sensors particularly attractive to sense hydrogen in a future
hydrogen economy, where hydrogen sensors are essential for
performance optimization in fuel cells and electrolyzers and to
detect hydrogen leaks that cause safety hazards as well as
indirectly contribute to the greenhouse effect.17−23

Body-centered cubic (bcc) tantalum (Ta), often referred to
as α-Ta, and its alloys have proven to have favorable properties
as a hydrogen sensing material when combined with a suitable
capping layer that catalyzes hydrogen dissociation and prevents
oxidation.24 From a material perspective, thin film Ta features,
unlike bulk, a large solubility of hydrogen within one
thermodynamic phase and a gradual, reversible, and hyste-
resis-free absorption of hydrogen with increasing partial
hydrogen pressure PHd2

, which is equivalent to an increasing

hydrogen concentration cHd2
. The absorption of hydrogen by α-

Ta at room temperature up to ∼TaH0.7 at PHd2
= 105 Pa results

in a modest expansion of the unit cell by about 8% that is
realized completely in the out-of-plane direction as a result of
the clamping of the film to its support. As the films are textured
with ⟨110⟩ out-of-plane, the unit cell gradually deforms upon
hydrogen absorption. Surprisingly, this deformation is
completely elastic, ensuring a hysteresis-free response.
Combined with the monotonic changes in white-light optical
transmission of α-Ta with increasing hydrogen pressure, this
results in a sensing range of over 7 orders of magnitude in
hydrogen pressure/concentration that is free of any hyste-
resis.6−9

Besides crystallizing in a bcc lattice, as so-called α-Ta, a
metastable tetragonal form of tantalum, β-Ta has also been
reported in the literature, especially for thin films.25 Figure 1
shows that the unit cells of these polymorphs are remarkably
different. Compared to the high-symmetry α-Ta [space group
Im3̅m (229)] with a lattice constant of a = 0.330 nm, the β-Ta
unit cell with lattice constants of a = b = 1.02 nm and c = 0.531
nm is much larger and comprises 30 atoms. Its structure has
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been identified as P4̅21m (113) and results in a 3% lower
density (16.3 g cm−3) than α-Ta (16.8 g cm−3).26−28 We note
that the very similar space group of P42/mnm has also been
linked to β-Ta.29 In sputtered thin films, the occurrence of α/β
Ta has been linked to the deposition pressure,30 substrates
temperature30−33 and substrate or seed/adhesion layer materi-
al on which the Ta layer is grown.32−34 Although some reports
in the literature provide contradictory conclusions, the general
consensus seems to be that deposition on amorphous silicon/
quartz at low substrate temperatures typically results in β-Ta,
while deposition on Mo, Ti, or Cr seed layers at high substrate
temperatures results in the formation of α-Ta.31−37 While
many studies have been devoted to the structure and
occurrence of β-Ta, to the best of our knowledge, the
properties of (thin film) β-Ta under hydrogen exposure are
still unknown. Detailed knowledge of these properties, as well
as how the optical transmission/reflection change with
exposure to hydrogen, is key when considering the use of β-
Ta as a sensing material in a hydrogen sensor.
The purpose of this paper is to study the structural and

optical properties of thin film β-Ta under exposure to
hydrogen from the perspective of the possible applicability of
the material in an optical hydrogen sensor. As illustrated in
Figure 2, this sample also features a 10 nm Pd0.6Au0.4 capping

layer that serves to prevent oxidation of the Ta layer and
catalyzes the dissociation of molecular hydrogen into atomic
hydrogen. In addition, we also provide data on an α-Ta thin
film that includes an additional 4 nm Ti seed layer to promote
the growth of the α-Ta phase. Using in situ in-plane and out-
of-plane X-ray diffraction, we establish that the unit cell only
expands in the out-of-plane direction, leading to a gradual but
slight elongation of the unit cell along the c-axis that is

reversible, hysteresis-free, and elastic in nature. In situ X-ray
and neutron reflectometry indicate that, at a given hydrogen
concentration, the volumetric expansion and hydrogen-to-
metal ratio of β-Ta are substantially smaller than for α-Ta.
Similar to α-Ta, optical transmission measurements show a
well-defined, hysteresis-free, and monotonous change of the
optical transmission/reflectivity with increasing hydrogen
pressure/concentration across at least 5 orders of magnitude
in hydrogen pressure, making β-Ta a suitable hydrogen sensing
material.

2. EXPERIMENTAL SECTION
2.1. Sample Fabrication. 40 nm α-Ta and β-Ta thin films,

capped by a 10 nm Pd0.6Au0.4 layer to prevent oxidation and catalyze
the hydrogen dissociation reaction, were produced by magnetron
sputtering in an ultrahigh vacuum chamber (AJA Int.) with a base
pressure of P < 10−6 Pa. The reason to select Pd0.6Au0.4 instead of
pure Pd as a capping layer is that alloying palladium with gold
accelerates the hydrogen dissociation and substantially reduces the
optical response of the capping layer.24 To grow the 40 nm α-Ta
layer, we used a 4 nm Ti adhesion/seed layer, while this layer was not
deposited for the β-Ta thin film.

The layers were deposited on fused quartz substrates. For X-ray
diffraction, X-ray reflectometry, and optical measurements, these
substrates were 10 × 10 mm2 in size and had a thickness of 0.5 mm
and a surface roughness of <0.4 nm (Mateck GmbH, Jülich,
Germany). For neutron reflectometry measurements, substrates with
a diameter of 76.2 mm (3 in.), a thickness of 3.0 mm, and a surface
roughness of <0.5 nm were used. All depositions were performed in
0.3 Pa of Ar, and the substrates were not heated during deposition.
The deposition time, power, and rate are 114 s, 100 W DC, and 0.035
nm s−1 for Ti, respectively, and 292 s, 130 W DC, and 0.14 nm s−1 for
Ta, respectively. Pd and Au were deposited simultaneously at a power
of 50 and 27 W DC, respectively, for 50 s with a rate of 0.20 nm s−1 to
achieve an atomic ratio of 60/40.

2.2. Structural Measurements. The out-of-plane and in-plane
X-ray diffraction and reflectometry measurements, both ex situ and in
situ, were performed using a Bruker D8 Discover (Cu Kα λ = 0.1542
nm) equipped with a LYNXEYE XE detector and operated in various
configurations (Bruker AXS GmbH, Karlsruhe, Germany). For the
out-of-plane X-ray diffraction and reflectometry measurements, a
configuration with a Göbel mirror and a 0.2 mm exit slit on the
primary side was used. On the secondary side, two 0.2 mm slits and
the detector operating in 0D high count rate mode were used. For the
in-plane measurements, variable slits with a footprint of 6 mm were
used in combination with the detector operating in 1D high-
resolution mode. In situ XRD and XRR measurements were
performed in the same Anton Paar XRK900 reactor chamber
(Anton Paar GmbH, Graz, Austria) connected to the same auxiliary
pressure and temperature control equipment as in ref 9. In short, the
partial hydrogen pressure inside this setup was varied stepwise at T =
25 °C, changing the absolute pressure of gas mixtures of 0.1% or 4.0%
H2 in He gas stepwise between 11 mbar and 6.1 bar (ΔcHd2

/cHd2
< 2%,

Linde Gas Benelux BV, Dieren, The Netherlands).
In addition, in situ, in-plane XRD measurements were performed at

a tilting angle χ = 65°, where the tilt was in the plane perpendicular to
the X-ray beam. To perform these measurements, custom-made
sample holders were designed and 3D printed with the center of
rotation exactly in the center of the sample support. As these holders
increased the height of the sample beyond what could be
compensated by the automatic height stage of the Anton Paar reactor
chamber, a 6.0 mm-thick aluminum adapter plate with a Kalrez O-ring
was positioned between the sample insert and the main body of the
reactor chamber.

The in situ neutron reflectometry measurements were performed at
the time-of-flight neutron reflectometer ROG, located at the 2.3 MW
HOR reactor of the Delft University of Technology, Delft, The
Netherlands.38 For these measurements, the same settings as the

Figure 1. Unit cell and unit cell parameters of α-Ta and β-Ta. Data on
α-Ta and β-Ta were adapted from refs 26 and 43, respectively.
Visualizations are made with VESTA.44

Figure 2. Schematic illustration of the two Ta samples studied in this
work. The samples include a Pd0.6Au0.4 capping layer to prevent the
oxidation of the Ta layer and to catalyze the dissociation of molecular
hydrogen into atomic hydrogen. The α-Ta sample includes an
additional Ti seed layer that promotes the growth of the α-Ta phase.
The samples are grown on fused (amorphous) quartz substrates.
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measurements on α-Ta reported in ref 9 were used. These settings
yield a footprint of 65/80 × 40 mm2 (umbra/penumbra) and a
resolution of ΔQ/Q ≈ 5%. During the measurements, the sample was
exposed to varying partial hydrogen pressures at T = 22 °C. This was
done by changing the absolute pressure of gas mixtures of 0.1% or
4.0% H2 in Ar gas between 10 mbar and 6.1 bar (ΔcHd2

/cHd2
< 2%,

Linde Gas Benelux BV, Dieren, The Netherlands) in the temperature
and pressure-controlled cell that is described in ref 39.

Estimates of the layer thickness, roughness, and scattering length
density (SLD) for both layers were obtained by fitting the data with
GenX3.40,41 Since we are mostly interested in the Ta layer and the
correlation between the thickness of the Pd0.6Au0.4 and the Ta layer is
large, we fixed the thickness of the Pd0.6Au0.4 for the in situ
measurements to the value obtained by fitting the as-prepared sample.
Subsequently, by using the fitted values of the thickness d and SLD,
we can obtain the hydrogen-to-metal ratio x using

x
d

d
b
b

SLD

SLD
1

TaH

Ta

TaH

Ta

Ta

H

x x
i
k
jjjjj

y
{
zzzzz=

(1)

where SLD = b Ni
N

i i1= , with bTa = 6.91 fm and bH = −3.739 fm, the
scattering lengths of tantalum and hydrogen, respectively,42 and Ni the
number of atoms i per volume unit. As detailed in the Supporting
Information, in deriving this equation, we assume that the number of
metal atoms in each layer stays the same upon exposure to hydrogen
and that the expansion of the film is in the out-of-plane direction only.

2.3. Optical Measurements. To measure the changes in the
optical transmission and reflection as a function of hydrogen
pressure/concentration, a flow setup was used. In this setup, the
sample is positioned in the center of the sample chamber. This
chamber has optically transparent windows on the top and bottom,

i.e., below and above the sample. For the reflection measurements,
two fibers are mounted at an angle of 30° with respect to the surface
normal of the sample. For the transmission measurements, one optical
fiber is positioned below the sample and one above. For both the
reflection and transmission measurements, one of the fibers is
connected to an Ocean Optics HL-2000-FSHA halogen light source
(Ocean Insights Orlando, FL, United States of America), and the
other one is connected to an Ocean Optics Maya2000 Pro Series
Spectrometer (Ocean Insights Orlando, FL, United States of
America). To adjust the intensity and spot size of the light, Thorlabs
cage system iris diaphragms with a diameter of 0.8−20 mm (Thorlabs,
Inc., Newton, New Jersey, United States of America) are used in
combination with a lens at the end of the fiber to focus the light. The
measured intensity (measured by the spectrometer) is corrected by
subtracting the background signal of the spectrometer, deduced by
performing a closed shutter or dark measurement.

Three mass flow controllers were used to stepwise change the
partial hydrogen pressure/hydrogen concentration. These mass flow
controllers have a maximum flow of 0−100, 0−200, and 0−250
SCCM (Thermal Mass GF Series, Brooks Instrument, Hatfield, PA,
United States of America). The 0−250 SCCM mass flow controller is
connected to the Ar gas network (5 N purity), while the other two are
connected to either gas mixtures of 0.1% H2 and 4% H2 in Ar (ΔcHd2

/
cHd2

< 2%, Linde Gas Benelux BV, Dieren, The Netherlands) or 100%
H2. The measurements are performed inside a lab with a temperature
of 19.5 °C that fluctuates by ±0.5 °C.

3. RESULTS
3.1. Structural Measurements. 3.1.1. Ex Situ Measure-

ments. As a first step, we verify with out-of-plane and in-plane

Figure 3. Out-of-plane and in-plane ex situ X-ray diffraction patterns of a thin film of 40 nm α-Ta capped with a 10 nm Pd0.6Au0.4 layer. Panel (a)
shows the full pattern, and panel (b) shows a close-up for 32 ≤ 2θ ≤ 48°. χ indicates the angle at which the sample is rotated in the plane
perpendicular to the X-ray beam. The X-ray diffraction patterns are normalized to the larger of 0.4 cps, or the maximum intensity of the diffraction
pattern at a given χ. This is done as the intensities between the patterns measured at different values of χ strongly vary due to differences in the
experimental geometry, also leading to a worsening of the resolution and broadening of the diffraction peaks.
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XRD whether the synthesized films have the expected crystal
structure. The out-of-plane measurements correspond to an
XRD measurement in a Bragg−Brentano configuration where
the sample is positioned on a flat sample stage and the X-ray
source and detector synchronously move around the sample.
Differently, during the in-plane measurements, the sample is
rotated stepwise by an angle χ in the plane perpendicular to the
X-ray beam to probe in-plane lattice vectors while the X-ray
source and detector synchronously move to vary 2θ. Figure 3
shows the results for the sample with a 40 nm Ta layer and a
10 nm Pd0.6Au0.4 layer. For the out-of-plane measurements (χ
= 0°), we see that the sample shows four reflections: two
correspond to the (111) and (222) reflections of the Pd0.6Au0.4
capping layer at 2θ = 39.3, 84.6°, and two reflections at 2θ =
33.5, 70.4° correspond to the (002) and (004) reflections of β-
Ta. This indicates that the sample is strongly textured with
(002) in the out-of-plane direction, as other even more intense
reflections like (413) do not appear.
To increase the confidence that the sample is indeed β-Ta,

in-plane measurements (χ ≠ 0°) are performed. In these
measurements, the sample is tilted in steps of 5° in the plane
perpendicular to the X-ray beam by 0° ≤ χ ≤ 80°, while at
each χ-position, a diffraction pattern is measured between 30°
≤ 2θ ≤ 90°. The in-plane measurements are consistent with
the β-Ta structure. Indeed, the most intense reflections of this
structure (see Tables S1 and S2 for an overview) show up at
the expected tilting angle χ and 2θ positions. For example, the
(413) reflection at 2θ = 40.2° occurs at χ = 65°, which is
expected given that the angle between (002) and (413) is
65.3°. As a comparison, we find that for the sample with an
additional 4 nm Ti adhesion/seed layer, the structure
corresponds to α-Ta (Figure S1).
3.1.2. In Situ Reflectometry. As the next step, we study if

and how β-Ta responds to the presence of hydrogen. From a

structural perspective, the ideal hydrogen sensing material has
(i) a gradual hydrogenation of the material across a wide
partial hydrogen pressure range/hydrogen concentration range
to ensure a large sensing range, (ii) a large solubility range of
hydrogen within one thermodynamic phase without any (first-
order) phase transition to ensure a reversible and hysteresis-
free response, and (iii) a limited volumetric expansion to
ensure a stable response over repeated exposure to hydrogen.
First, we use neutron reflectometry to determine how much

hydrogen is absorbed by β-Ta as a function of the partial
hydrogen pressure and compare it with previous measurements
from ref 9 on α-Ta. This is obtained by fitting the measured
neutron reflectometry data of Figure 4a to a two-layer model
for the β-Ta thin film: one layer is for the β-Ta layer, and one
layer is for the Pd0.6Au0.4 capping layer. For each of these
layers, a thickness, roughness, and SLD are obtained that can
be graphically represented in the SLD plot of Figure 4b. This
SLD is affected by the absorption of hydrogen and, together
with the thickness of the layer, can be used to calculate the
hydrogen-to-metal ratio of the layer (see eq 1 and the
Supporting Information), reported in Figure 4c. The expansion
of the layer determined from neutron reflectometry is reported
in Figure 4d.
Two important conclusions from the data presented in

Figure 4 can be drawn: first, the results indicate a gradual
hydrogenation of β-Ta with an increasing partial hydrogen
pressure. For hydrogen sensing applications, this is beneficial as
it potentially allows for a wide partial hydrogen/hydrogen
concentration range in which the sensor can determine the
hydrogen concentration. Additionally, the window in which
the hydrogenation occurs at room temperature is beneficial, as
PHd2

= 4000 Pa is equivalent to cHd2
= 4% in air, i.e., the explosive

limit of hydrogen−air mixtures, and a wide range of
concentrations can be probed around this value. Second, we

Figure 4. Neutron and X-ray reflectometry results at T = 22 °C of a thin film of 40 nm β-Ta capped with a 10 nm Pd0.6Au0.4 layer. Data on α-Ta is
adapted from ref 9 Panel (a) shows the neutron reflectometry data as measured under the partial hydrogen pressures indicated. The continuous
lines represent the fit of the model to the data. (b) Corresponding SLD profiles. The X-ray reflectograms and corresponding SLD profiles are
available in Figure S2. (c) Hydrogen-to-metal ratio of the Ta layer as a function of the partial hydrogen pressure computed following eq 1 and using
the SLD and thickness obtained from fitting the neutron reflectometry data. (d) Ta layer expansion was obtained from neutron reflectometry as a
function of the partial hydrogen pressure. (e) Ta layer expansion was obtained from X-ray reflectometry as a function of the partial hydrogen
pressure. (f) Layer expansion as obtained from X-ray reflectometry as a function of the hydrogen-to-metal ratio. The continuous lines in panels (c−
f) serve as guides to the eye.
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find that β-Ta absorbs substantially less hydrogen at a given
hydrogen pressure than α-Ta. At PHd2

= 24,600 Pa, α-Ta has a
hydrogen-to-metal ratio of x ≈ 0.7, while β-Ta has a hydrogen-
to-metal ratio of x ≈ 0.5.
Corresponding to the smaller hydrogen-to-metal ratio, we

also find a much smaller layer expansion for β-Ta than α-Ta at
any given partial hydrogen pressure. This can be seen in Figure
4d for the layer thickness derived from the neutron
reflectometry. However, due to the poor contrast between
the substrate and the Ta layer for β-Ta (the additional Ti layer
for α-Ta ensures sufficient contrast in SLD), the uncertainty is
large. For this reason, we also performed XRR measurements
(Figure S2), for which the derived layer expansion is reported
in Figure 4e. These XRR measurements show that at PHd2

=
24,600 Pa, the highest partial hydrogen at which we measured
and at which the hydrogen-to-metal ratio is x ≈ 0.5, the
thickness of the β-Ta layer is about 5% larger than when the
film is not exposed to hydrogen. This is substantially less than
the 7% expansion observed for α-Ta (x ≈ 0.7).
As such, we observe that the expansion obtained from XRR

is indeed different than the values obtained from NR (see
Figure S3) and that the error on the expansion deduced from
XRR is, as expected, much smaller than for NR. The systematic
deviation is likely the result of the relatively large absolute error
on the thickness of the Ta layer in air, where the neutron SLD
contrast with the substrate was minimal. As this value is used
to compute the expansion at each partial hydrogen pressure,
this can lead to a systematic deviation between the thickness
derived from the XRR and NR data. We note that the
expansion/thickness is also used to compute the hydrogen-to-
metal ratio (see eq 1). Using the thickness derived from XRR
instead of the thickness derived from neutron reflectometry
resulted in a maximum difference of Δx = 0.03.
In addition, we note that the absorption of hydrogen causes

the roughness of the Ta−Pd0.6Au0.4 to reversibly increase from

about 1 nm when no hydrogen is absorbed (i.e., in air) to 2 nm
at the largest hydrogen pressure. This increase is likely related
to the expansion of the layer and, as we will see, the
deformation of the unit cell. Owing to correlations between the
fitted parameters in reflectometry (thickness, SLD, and
roughness), this changing roughness may increase the
uncertainty of the fitted parameters, especially for the NR
results where the SLD contrast is relatively limited and the Q-
range is smaller than for XRR. As such, it provides a further
explanation of the difference in expansion determined based on
NR and XRR.
Most importantly, Figure 4f plots the layer expansion for

both α and β-Ta as a function of the hydrogen-to-metal ratio x
and indicates that the layer expansion is proportional to the
amount of hydrogen absorbed by the layer. In addition, this
proportionality is the same for both α and β-Ta, indicating that
the volume the Ta host lattice expands for a given hydrogen-
to-metal ratio x is irrespective of the crystal structure. This
observation is thus consistent with an elastic deformation of
the Ta unit cell.9

3.1.3. In Situ X-ray Diffraction. Next, we applied X-ray
diffraction to study whether the unit cell of β-Ta (i) gradually
expands or (ii) has any phase transition. In particular, we use
these results to determine if the expansion of the material is
free of any hysteresis. Unlike in bulk, for which a series of
phase transitions have been reported as a function of the
hydrogen-to-metal ratio at room temperature, an extensive
solid-solution range is found in α-Ta thin films up to at least x
≈ 0.7. The expansion of the α-Ta films is realized in the out-of-
plane direction only (i.e., ⟨110⟩), causing the unit cell to
gradually deform. To the best of our knowledge, no data on
the crystal structure of β-TaHx upon exposure to hydrogen has
been reported.
Figure 5 depicts the in situ out-of-plane diffraction patterns

for the β-Ta film, focusing on the (002) reflection. As can be

Figure 5. In situ out-of-plane and in-plane X-ray diffraction results at T = 25 °C of a thin film of 40 nm β-Ta capped with a 10 nm Pd0.6Au0.4 layer.
Data on α-Ta is adapted from ref 9 (a) Out-of-plane X-ray diffraction measurements around the (002) reflection as measured under the partial
hydrogen pressures indicated and by stepwise increasing the pressure. The continuous lines represent a fit of a pseudo-Voigt function to the data to
deduce the d-spacing. (b) In-plane in situ X-ray diffraction measurement measured at χ = 65°. (c) d002 spacing as a function of the partial hydrogen
pressure as compared with α-Ta and between increasing and decreasing steps. (d) Ta layer expansion obtained from X-ray reflectometry as a
function of the expansion of the out-of-plane d002 expansion.
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seen, with increasing partial hydrogen pressure, a gradual shift
of the diffraction peak to lower diffraction angles occurs. This
implies, according to Bragg’s law, nλ = 2dhklθhkl, a gradual
expansion of the d002 spacing with increasing hydrogen
pressure. Importantly, we do not observe any coexistence or
widening of the peak, which is consistent with the absence of
any phase transition. Also, the in-plane in situ XRD results at χ
= 65° are consistent with the absence of any phase transition as
no additional reflection appears. Indeed, despite the poor
resolution, no indication of a significant peak shape change is
observed, as well as no additional reflection appears or no
reflection disappears.
By fitting the peak to a pseudo-Voight function to extract the

peak position and applying Bragg’s law, we obtain the d002
spacing as a function of hydrogen pressure. Figure 5c shows
the d002 expansion relative to the d002 spacing measured in air
as a function of the partial hydrogen pressure. Two important
conclusions can be derived from it: First, the out-of-plane
lattice expansion of α-Ta is much larger than that of β-Ta. This
is consistent with the lower hydrogen-to-metal ratio and layer
expansion at any given partial hydrogen pressure (Figure 4).
Second, we find that the d002 expansion is the same at any
given partial hydrogen pressure after increasing and decreasing
the pressure steps. This is an important observation, as it
implies that there is no hysteresis, which is particularly
important for optical hydrogen sensing applications as it
ensures that the output of the hydrogen sensor is the same,
irrespective of the pressure history of the sensor. The absence
of hysteresis is also consistent with the absence of any phase
transition.
As a next step in our analysis, we plot the layer expansion as

a function of the out-of-plane d002 spacing expansion. For a
clamped thin film, the volumetric expansion is proportional to
the layer thickness expansion. In the case of isotropic
expansion, we would expect that the volumetric expansion
V

V
PH2

air
of the material as a result of the hydrogenation is given by

V

V

d

d

d

d

d

d
PH

air

100,PH

100,air

010,PH

010,air

002,PH

002,air

2 2 2 2=
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where d
d

hkl

hkl
is the relative expansion of the dhkl spacing. As

illustrated schematically in Figure 6b, in this scenario, more
atoms/unit cells need to be stacked on top of each other as
fewer unit cells fit in a certain plane. Differently, when the
expansion is completely out-of-plane, i.e., in the [002]
direction, d

d
100,PH2

100,air
and d

d
010,PH2

010,air
are both 1 and eq 2 reduces to

V

V

d

d
PH

air

002,PH

002,air

2 2=
(3)

In this scenario, the number of unit cells per plane remains the
same (Figure 6c).
To examine which of these two scenarios is applicable,

Figure 5d depicts the layer expansion as a function of the out-
of-plane d002 spacing expansion and indeed shows a linear
relationship between the layer expansion and d

d
hkl

hkl
. As such,

and similar to α-Ta, we can conclude that the expansion of the
lattice is completely in the out-of-plane direction. Additional
support for this conclusion is provided by the fact that the in-
plane XRD results at χ = 65° do not show a substantial 2θ shift
with increasing partial hydrogen pressure (Figure 5c). As such,
the c/a ratio of the unit cell is continuously altered as a
function of hydrogen pressure, and the unit cell deforms.
However, the absence of any hysteresis in the d002-expansion
and the proportionality between the layer expansion and
hydrogen-to-metal ratio indicate that this deformation is
completely elastic in nature and not plastic.
A third effect that could happen is that the film buckles and

is no longer completely clamped to the substrate (Figure 6d).
While we know that the film did not completely delaminate
from the substrate, as this would not lead to neutron or X-ray
reflectometry data that can be analyzed with the present two-

Figure 6. Schematic illustration of an (a) unexpanded lattice (no exposure to hydrogen) and (b−d) three possible scenarios that could occur when
the lattice expands to accommodate hydrogen. The dots indicate the lattice points. The figure is not to scale, and a cubic lattice is selected for
simplicity as the unexpanded lattice.
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layer model, local buckling could occur. To test this, we
performed a rocking curve around the critical edge of the X-ray
reflectogram. The data (Figure S5) show a slight broadening of
the rocking curve when the film is exposed to hydrogen. This
could indicate that the expansion as a result of the hydrogen
absorption induces partial/limited buckling of the sample.
However, this may also arise from other effects due to the
bending of the substrate due to high stress. Furthermore, a
rocking curve around the (002) diffraction peak indicates that
the preferred orientation of the sample remains unaffected
(Figure S6).

3.2. In Situ Optical Measurements. As a next step, we
evaluate how the optical properties change as a function of
applied hydrogen pressure. To do this, we mix various
hydrogen-containing gases (100% H2 and 0.1% and 4% H2

gas mixtures in Ar) with pure Ar at a constant pressure of 1 bar
to stepwise vary the hydrogen concentration to which the
sample is exposed. Figure 7 shows the optical transmission,
normalized to the transmission of the film when no hydrogen
was present, of several wavelengths as a function of time and in
three hydrogen concentration regimes.
Three important conclusions can be derived from Figure 7.

First of all, we observe well-defined, stable, and clear steps in
the optical transmission that reflect the changes in the
hydrogen concentration. It indicates that the optical properties
of the material are significantly and monotonically altered
when the hydrogen concentration is changed, a prerequisite for
an effective hydrogen sensing material. Second, we see that the
optical response is the same at a given hydrogen concentration
after an increase or decrease in the hydrogen pressure. This

Figure 7. Optical transmission of a 40 nm β-Ta thin film capped by a 10 nm Pd0.6Au0.4 capping layer relative to the transmission of the as-prepared
film as a function of time during which the hydrogen concentration was stepwise changed in the regimes (a) 0.004 ≤ cHd2

≤ 0.1%, (b) 0.02 ≤ cHd2
≤

4%, and (c) 0.4 ≤ cHd2
≤ 100%. The dashed lines indicate levels of the same transmission (top panel) and hydrogen concentration (bottom panel).

Figure 8. Optical (a) transmission and (b) reflection of a 40 nm β-Ta thin film capped by a 10 nm Pd0.6Au0.4 capping layer relative to the
transmission/reflection of the as-prepared film as a function of the hydrogen concentration (at 1 atm) and the partial hydrogen pressure for the
wavelength bins indicated. The closed and open symbols indicate the value of the transmission/reflection after increasing and decreasing pressure
steps, respectively.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.3c04902
ACS Appl. Nano Mater. 2024, 7, 1757−1766

1763

https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c04902/suppl_file/an3c04902_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c04902/suppl_file/an3c04902_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c04902?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c04902?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c04902?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c04902?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c04902?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c04902?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c04902?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c04902?fig=fig8&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.3c04902?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


absence of hysteresis, consistent with the absence of a phase
transition, the absence of plastic deformation, and the absence
of hysteresis in the d002-spacing, is important for optical
hydrogen sensing applications as it makes the sensor not only
reversible but also provides a response irrespective of the
hydrogen concentration history. Third, we see that the
response of the optical transmission to a change in hydrogen
concentration has a different direction and magnitude
depending on the optical wavelength. For example, for near-
infrared light (λ = 900 nm), we observe a strong increase with
increasing hydrogen concentration, while a decrease is
observed for blue light (λ = 450 nm).
To summarize the changes in optical transmission as a

function of hydrogen concentration, we plotted in Figure 8a
the optical transmission as a function of the hydrogen
concentration for multiple wavelengths. This plot is obtained
by averaging the optical transmission in Figure 8 at each step in
hydrogen concentration over the last minute of the step. In this
plot, the open symbols reflect the average optical transmission
after a decrease in the hydrogen concentration, while the
closed symbols show the optical transmission after an increase
in the hydrogen concentration. The results confirm our
previous observations regarding a monotonous, substantial,
and hysteresis-free response of the optical transmission as a
function of hydrogen concentration. Indeed, for hydrogen
concentrations of 0.001 ≤ cHd2

≤ 100%, i.e., across at least 5
orders of magnitude in hydrogen concentration, we observe a
monotonous change in the optical transmission. Furthermore,
we see that these changes are positive for orange, red, and
infrared light, indicating that the sample becomes more
transparent for these wavelengths, while the optical changes
are negative for blue and green light, indicating that the sample
becomes more opaque when exposed to hydrogen. This is
further illustrated in Figure S4, which shows the total optical
transmission change at cHd2

= 100% relative to the sample
measured in air. Such opposite responses of the transmission/
reflection for different wavelengths to hydrogen facilitate the
use of an algorithm that can be used to determine the
hydrogen concentration with higher sensitivity and reduced
drift.45 Moreover, we find that not only the optical trans-
mission but also the optical reflectivity change monotonously
with increasing hydrogen concentration (Figure 8b).
An aspect not discussed so far is the selectivity of the

hydrogen sensor material, that is, if the optical response is
solely induced by the presence of hydrogen and is not affected
by the presence of any other chemical species. While not
primarily the focus of this work, metal-hydride sensors, relying
on the absorption of hydrogen, have the advantage that they
are, in principle, not sensitive to other combustible gases,
which is the case for other types of hydrogen sensors.
However, the catalyst layer responsible for the dissociation of
molecular hydrogen into atomic hydrogen, in this case
Pd0.6Au0.4, also provides protection against, e.g., oxidation.
This layer can be poisoned by the presence of other chemical
species such as CO, CO2, and NOX. To prevent deactivation of
this layer, one can alloy it with, e.g., Cu for CO protection14 or
add an additional polymeric layer on top of the Pd0.6Au0.4 layer,
such as poly(methyl methacrylate) or polytetrafluorethy-
lene.46,47

4. CONCLUSIONS
In conclusion, using optical transmission measurements, out-
of-plane and in-plane X-ray diffraction, and X-ray and neutron
reflectometry, we show that Pd0.6Au0.4-capped β-tantalum thin
films gradually, reversibly, and hysteresis-freely absorb hydro-
gen with an increasing hydrogen pressure/concentration.
Neutron and X-ray reflectometry show that with increasing
partial hydrogen pressure/concentration, the hydrogen-to-
metal ratio increases gradually. At any given partial hydrogen
pressure/concentration, the hydrogen-to-metal ratio and layer
expansion are substantially smaller than for α-Ta. Furthermore,
X-ray diffraction indicates the absence of any phase transition
and that the expansion with increasing hydrogen-to-metal ratio
of the unit cell is realized completely in the out-of-plane
direction. These structural properties are reflected in the
changes in the optical transmission and reflectivity, which
change reversibly and hysteresis-free over at least 5 orders of
magnitude in hydrogen pressure/concentration, making β-
tantalum a suitable hydrogen sensing material.
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