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ABSTRACT: Nanostructured metal hydrides could play a key Bulk Clamped Thin Film
role in a hydrogen economy. The nanostructuring or confine-

ment of these materials as, e.g., thin films significantly affects

the structural and functional properties. For tantalum hydride, a

versatile hydrogen sensing material, we show that the confine-

ment of tantalum as a thin film extends the solubility limit by

suppressing the phase transition observed in bulk upon

hydrogenation. Different from bulk, the body centered cubic

unit cell continuously deforms with unequal lattice constants

and angles between lattice vectors. This deformation ensures

that the volumetric expansion is realized in the out-of-plane Expansion in 3 Dimensions Expansion in 1 Dimension
direction, and surprisingly, completely elastic in nature. The

first-order phase transition suppression combined with the continuous elastic deformation of the tantalum unit cell over an
extraordinary wide solubility range ensures the superb performance of tantalum and its alloys as a hysteresis-free optical
hydrogen sensing range over a hydrogen pressure/concentration range of over 7 orders of magnitude.

ydrogen is projected to play a paramount role in the material.”°~*® At room temperature, the material provides a

future green society as both an energy vector and a hysteresis-free and exceptionally reproducible change in optical
feedstock for the chemical industry. In such a transmission when exposed to hydrogen over at least 7 orders
hydrogen powered economy, metal hydrides may play an of magnitude in hydrogen concentration. This is surprising, as
important role. Although long considered as a potential below its critical temperature of T¢ = 61 °C, a sequence of
hydrogen storage medium,’ ™ metal hydrides are now phase transitions may occur when bulk tantalum is exposed to
researched for use in fuel cells,4 hydrogen purifying hyd1'ogen.29’30 Tantalum itself crystallizes in a body-centered-
membranes,”° solid-state electrolytes,‘z’7 batteries,® switchable cubic (bec) structure and forms for T > T a solid solution
mirrors,”' and especially hydrogen sensors.”'' "¢ with hydrogen where hydrogen occupies the tetrahedral sites.
Often, the application of metal hydrides relies on nano- At temperatures around room temperature, at least two
structured materials which may have significantly different orthorhombic phases exist: an orthorhombic phase were the
structural and functional properties than their bulk counter- hydrogen atoms are partially ordered and one orthorhombic
parts. Nanostructuring and nanoconfinement may change the phase, close to stochiometric TaHys, in which the hydrogen
stability and the occurrence of phases and phase transitions atoms are fully ordered. All these phases are separated by two-

(see, e.g, refs 17—25). These effects can typically be the result phase regions, indicating first-order transitions with associated
) o : . . .
of increased surface-to-volume ratios altering the thermody- hys.tefe.51s, as conﬁrmeclg Byﬁheat capacity and electrical
namics of the system or geometric constraints on possibilities r.eslstlwty measu.rement.s. These ﬁrst-orde'r phase tr.an-
to expand volumetrically such as clamping to the supporting sitions are at variance with the observed hysteresis-free sensing
substrate. The latter effect is particularly relevant for thin films. range ?f thin fﬂm tantalum at' room temp eratureiz. As such, 'lt
In the case of materials for hydrogen sensors, metal hydrides could imply either that the critical temperature is reduced in
are typically structured as thin films or nanoparticles.”'*~"'°
For this application in particular, the understanding of the Received: January 10, 2023
occurrence and nature of phase transitions is crucial for Accepted:  February 24, 2023
realizing hysteresis-free hydrogen sensing materials that are

stable over time and repeated exposure to hydrogen.
Tantalum and especially its alloys have recently been
identified as an exceptionally versatile hydrogen sensing
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thin film tantalum and a solid solution of hydrogen and
tantalum is formed at room temperature or that the nature of
the transition changed from first to second order, thereby
eliminating the hysteresis. The study of phase transitions in
thin films, and answering this question in particular, are usually
complicated by the strong texture of the films. Whereas X-ray
diffraction (XRD) on powders supplies information on several
lattice reflections, Bragg—Brentano XRD measurements of thin
films supply information solely on the out-of-plane direction:
in the case of tantalum-hydride, only the {110} (and higher
order multiples) can be observed, preventing precise phase
identification.

To elucidate the structure of tantalum—hydrogen thin films,
we employ in situ out-of-plane, in-plane XRD, and X-ray and
neutron reflectometry (XRR/NR). We show that even at room
temperature a solid solution of tantalum and hydrogen exists
up to at least TaH,z Upon hydrogenation, the tantalum unit
cell is continuously deformed, expanding predominantly in the
out-of-plane direction. Surprisingly, this deformation is
completely elastic over the entire hydrogen solubility range.
The suppression of the first-order phase transitions and the
purely elastic deformation upon hydrogenation are important
results, as they enable the excellent performance of tantalum as
a hysteresis-free hydrogen sensing material. Taking a wider
view, our results underscore the significant effect of nano-
confinement on the structural and functional properties of thin
films and other nanostructured metal hydrides.

B EXPERIMENTAL SECTION

The Ta thin film samples studied here consist of a 4 nm
titanium adhesion layer, a 40 nm Ta sensing layer, and a 10 nm
Pd,¢Auy, capping layer. The purpose of the capping layer is 2-
fold: it promotes the hydrogen dissociation reaction and
protects the tantalum layer from, e.g., oxidation or nitridation.
The three layers are produced by magnetron sputtering inside
a vacuum chamber (AJA Int., Scituate, MA, USA) in 0.3 Pa of
Ar. The base pressure of the vacuum chamber is 107 Pa.
During the deposition, the substrates were continuously
rotated to enhance the homogeneity. Two different substrates
have been used: for the X-ray measurements, we used 0.5 mm
thick 10 X 10 mm® fused quartz substrates and roughness <0.4
nm (Mateck GmbH, Jilich, Germany). For the neutron
reflectometry measurements, 3.0 mm thick fused quartz
substrates were used with a diameter of 76.2 mm (Coresix
Precision Glass, Inc., VA, United States of America). These
tailor-made substrates have a flatness of 2 lambda over 85% CA
Central and a surface roughness <0.5 nm.

To deposit the layers, we used targets with a purity of
>99.9% and a diameter of 50.8 mm (2 in.) (Mateck GmbH,
Jiilich, Germany). To prevent oxidation and nitridation of the
Ta target, we stored this target in an Ar-filled glovebox. As an
additional precaution, we presputtered this target for 60 min
before use. The deposition rates and powers were 0.05 and
0.10 nm s~' and 100 and 125 DC for Ti and Ta, respectively.
The Pdy¢Auy , capping layer was produced using codepositing
Pd (50 W DC) and Au (25 W DC) with a rate of 0.13 nm s™.
All rates are determined by sputtering each element separately
for a well-defined time interval on a substrate. Then, these
tooling samples were analyzed using X-ray reflectometry
(XRR) to obtain the thickness of the deposited layer. Using
the thickness and the deposition time, we then calculated the
sputter rate.

963

Before all measurements, we (un)loaded the films three
times by subsequently exposing the samples to Py, = 10 Pa at
T = 28 °C inside the hydrogenography setup (see, e.g, ref 28
for more details). Optical transmission measurements show
that reproducible results that are completely free of hysteresis
are found after the first cycle. Differences between the first and
following cycles are relatively common for thin film metal
hydrides and arise from the settling of the microstructure. The
morphology of the sample was characterized after exposure to
hydrogen using a Bruker multimode atomic force microscope
(AFM) (Figure S1). The measurements indicate no mesopores
or holes in the film and show a smooth surface with a root-
mean-square (rms) roughness of approximately 1 nm. This
roughness agrees well with XRR measurements that indicate a
roughness of 1 nm. Both measurements also indicate that no
delamination of the film from the substrate occurred. In
particular, this would have resulted in an XRR measurement
without any fringes.

All X-ray diffraction (XRD) and X-ray reflectometry (XRR)
measurements were carried out using a Bruker D8 Discover
(Cu Ka, A = 0.1542 nm) featuring a LYNXEYE XE detector
(Bruker AXS, Karlsruhe, Germany) operating in 0D mode. For
the out-of-plane XRD measurements, a configuration was used
with a Gobel mirror to generate a parallel X-ray beam and a 0.1
mm fixed exit slit to control the footprint/resolution on the
primary side. On the secondary side, two 0.1 mm slits were
used to control the resolution.

The in situ XRD and XRR measurements were carried out
by placing the sample inside an Anton Paar XRK900 Reactor
chamber with a base pressure of P < 5 X 107* mbar.
Temperature control was achieved with an Anton Paar TCU
700 control unit (Anton Paar GmbH, Graz, Austria). To
control the partial hydrogen pressure, we vary the absolute
pressure of 0.1% or 4.0% H, in He gas between 11 mbar and
6.1 bar (Acy,/cy, < 2%, Linde Gas Benelux BV, Dieren, The

Netherlands) using a pressure control unit (MKS instrument
including a type 250 controller, Andover, MA, United Stated of
America). This pressure control unit is connected to a
manometer (MKS instrument including a Baratron type
627DMCCI1B) mounted to the inlet of the reactor chamber
and which controls the pressure using a solenoid inlet valve
(MKS instrument 0248AC-10000SV) and a manometer (MKS
instrument including a Baratron type 627DMCCI1B). To
ensure a constant flow of at least 10 sccm during the
measurements, a mass flow controller (Brooks Instruments 150
sccm, Hatfield, PA, United States of America) is connected to
the outlet of the reactor chamber and a vacuum pump (Adixen
Drytel 1025, Pfeiffer Vacuum GmbH, Asslar, Germany). A
solenoid outlet valve (MKS instrument including 0248AC-
10000SV, Andover, MA, connected to a Delta Elektronica
ES030-5 Power Supply, Zierikzee, The Netherlands) is
positioned parallel to the flow controller to guarantee enough
flow at relatively low (P < 1 kPa) absolute pressures. A home-
written National Instruments Labview code is used to
automatically control the pressure control unit, flow controller,
and outlet valve.

The in situ in-plane XRD measurements were performed at
a tilting angle y = 30, 45, and 60°, where the tilt was in the
plane perpendicular to the X-ray beam. To enable this, sample
holders were 3D printed that allowed the samples to be
oriented under different tilting angles y inside the reactor
chamber. As these sample holders increase the height of the
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Figure 1. XRD diffraction patterns (Cu Ka, A = 0.1542 nm) of powder tantalum at two different hydrogenation states: TaH, ,, and TaH,, at
25 °C. The pattern from TaH, is included as a reference and is simulated using the unit cell parameters from ref.*®

top of the sample with respect to the beam, and the range in
which the sample height can be adjusted is limited to —3.0 < z
< 43.0 mm, a 6.0 mm thick aluminum adapter plate was
mounted between the sample insert of the reactor chamber
and the main body of the chamber. This ensures that the
samples were positioned in the center of the goniometer of the
diffractometer. The configuration used for the in situ in-plane
XRD measurements has on the primary side a Gobel mirror to
generate a parallel X-ray beam and a 0.6 mm fixed exit slit. On
the secondary side, we used a Sollar 0.2° slit to control the
resolution. Both the in-plane and out-of-plane XRD diffraction
patterns are fitted with a pseudo-Voight function to obtain the
peak position, on the basis of which the d-spacing is calculated
using Bragg’s law: nd = 2dy sin 6.

Time-of-flight Neutron reflectometry measurements were
carried out using the ROG neutron reflectometer. This
reflectometer is connected to the 2.3 MW Hoger Onderwijs
Reactor (HOR) reactor of the Delft University of Technology,
Delft, The Netherlands. The wavelength resolution of A1/4 =~
2.5% was achieved by setting the double disc chopper to an
interdisc distance of 0.280 m and operating the chopper with a
frequency of 17.7 Hz and the frame-overlap mirror was set to
an angle of 45 mrad. This resulted in a spectrum of 0.11 < 4 <
1.0 nm. During the experiments, a fixed incident angle of 8.5
mrad was used, resulting with the given wavelength range in a
Q-range of 0.11 < Q < 0.98 nm™". To control the angular
resolution and footprint on the sample, the vertical gaps of the
slits were set to 1.5 and 0.75 mm, for the first and second slits,
respectively. Together, this allowed us to achieve a resolution
of AQ/Q = 0.05% with a footprint of 80 X 40 mm” (umbra/
penumbra). A *He detector was used to detect the neutrons.
The samples were hydrogenated at T = 22 °C inside a pressure
controlled cell as described elsewhere. To vary the partial
hydrogen pressure, the absolute pressure of 0.1% or 4.0% H, in
Ar gas was stepwise changed between 11 mbar and 6.1 bar
(Acy,/cy, < 2%, Linde Gas Benelux BV, Dieren, The

Netherlands).

The X-ray and neutron reflectometry data were fitted with
GenX3,””*" yielding estimates for the layer thickness, density,
and roughness of each of the three layers of the thin film. As
our interest is predominantly in the thickness of the Ta layer
and a relatively high correlation exists between the layer
thickness of all layers, the thickness of the Ti and Pd,4Au,,
layer were kept constant in the analysis of the in situ results. As
the 10 nm PdygAu,, layer also expands when exposed to
sufficiently high hydrogen pressures, this approach results in a
small overestimation of the Ta layer expansion. Subsequently,

964

from the fitted scattering length densities (SLD) and
thicknesses of the layers d, we compute the hydrogen
concentration x in the Ta layer:

[ SLDrpy dray. ) br,
x= | ——= gk
a by (1)

SLDy, dr
with SLD = Y bN; the SLD of the layer, by, = 6.91 fm and
by = —3.739 fm the scattering lengths of tantalum and
hydrogen, resgectively,35 and N; the number of atoms i per
volume unit.’

Chunks of Ta with a purity of 99.9 mass % were purchased
from Hiranoseizaemonsyouten Co., Ltd. The Ta specimens
were set into stainless steel tubes that were evacuated for 1 h at
600 °C. Hydrogen/deuterium absorption at room temperature
and desorption under a hydrogen/deuterium pressure of 5
MPa at 600 °C were three times repeated. Hydrogen/
deuterium gases of 7N/4N purity were used, respectively.
Subsequently, the tube was evacuated for 2 h at 650 °C to
dehydrogenate/dedeuterate the samples. Pressure—composi-
tion (P—C) isotherms were measured at 25 °C using the
volumetric method. Hydride/deuteride specimens with a
hydrogen content ¢y; of H/Ta = 0.47 and 0.80 and with a
deuterium content ¢, of D/Ta = 0.48 and 0.84 were obtained
by setting a fixed hydrogen/deuterium pressure after
measuring the P—C isotherms. The hydrogenated/deuterated
samples were deactivated by exposing the powder to air. Each
sample kept the respective cy/cp for at least a couple of weeks
in air.

Powder XRD were performed at room temperature and in
air with a Rigaku RINT-2500 V diffratometer (Cu Ka, 4 =
0.1542 nm) and with a symmetric 6—26 scan (Bragg—
Brentano). The Rietveld refinement program RIETAN-2000""
was used to analyze the diffraction patterns. A Rigaku RINT-
TTR3 diffractometer (Cu Ka, 4 = 0.1542 nm) was used for the
temperature-dependent measurements. This diffractometer is
equipped with an electric sample heater and gas chamber and
features beryllium windows. These temperature-dependent
measurements were performed under a helium pressure of 0.15
MPa.

’H magic angle spinning nuclear magnetic resonance (MAS
NMR) measurements were carried out using a Bruker Avance
400 spectrometer with a Larmor frequency of 61.423 MHz.
Zirconia rotors with an outer diameter of 2.5 mm were filled
with the powder samples. A single pulse sequence and a 15
kHz sample spinning rate were used to measure the NMR
spectra. A 90° pulse with a length of 3.5 us was used, and the

https://doi.org/10.1021/acsmaterialslett.3c00038
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Figure 2. In situ out-of-plane and in-plane XRD measurements (Cu Ka, 4 = 0.1542 nm). The measurements were performed on the 40 nm
Ta film samples that featured a 3 nm Ti adhesion and a 10 nm Pd, 4Au,, capping layer at T = 25 °C and for the indicated partial hydrogen
pressures Py . (a) Out-of-plane diffraction measurements. In-plane diffraction with the sample tilted in the direction perpendicular to the X-
ray beam by (b) ¥ = 30°, (c) y = 45°, (d) x = 60°. The continuous lines indicate fits of pseudo-Voigt function(s) to the data used to determine
the d-spacing (Figure 3).
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Figure 3. Partial hydrogen dependence of the (a) d-spacing for the (equivalent) reflections indicated, (b) relative expansion of the d-spacing

and (c) the angle between the @ and b lattice vectors calculated using eq 2.

recycle delay was set to 1 s. The spectra were referenced to XRD is not sensitive to the position of the hydrogen atoms in
D,O at 0 ppm. the unit cell, we cannot discriminate between the partially
Before turning to the results on the Ta thin films, we first ordered f# and fully ordered € orthorhombic phases.
discuss results on powder Ta to confirm the existence of phase Next, we consider thin film Ta and display in Figure 2 in situ
transitions upon hydrogenation at room temperature. Figure 1 out-of-plane and in-plane diffraction measurements obtained
displays X-ray diffraction patterns of bec TaHy, (simulated for different partial hydrogen pressures at 25 °C. The thin film
using the unit cell parameters reported in ref 38) and of TaH, was produced by magnetron sputtering and consists of a 4 nm
at two different hydrogen-to-metal ratios: TaH,,,; and TaHg, Ti adhesion, a 40 nm Ta, and a 10 nm Pd, ¢Au, , capping layer
obtained from P—C isotherm measurements at 25 °C. to promote hydrogen dissociation and prevent oxidation/
Complementary results on deuterated tantalum are reported nitridation of the Ta layer. As the films are highly textured, the
in Figure S3. out-of-plane results only reveal the 110 reflection. To monitor
The diffraction patterns of Figure 1 clearly indicate that the other reflections of the bec unit cell, we performed in-plane
TaH,,, and TaHyg, have a different phase than TaH,. in situ diffraction by tilting the sample in the direction
Consistent with reports in the literature,”® careful Rietveld perpendicular to the beam by y = 30, 45, and 60° in order to
refinement (Figure S2) indicates in both cases a body-centered precisely monitor the hydrogen pressure dependence of the
orthorhombic phase (C222) with 4 Ta atoms per unit cell. In 211, 200, and in-plane 110 reflections.
the case of TaH, 4, the refinement indicates a quasi-tetragonal The XRD patterns measured in air, where the tantalum thin
phase with lattice parameters of a = 0.47327(23) nm, b = film is completely dehydrogenated, unambiguously reveal that

0.34044(16) nm, and ¢ = 0.47680(23) nm and Ta position also thin film tantalum crystallizes in a body-centered lattice.
(0.25, 0.25, 0.7433), resulting in a volume of V = 0.076822 When a hydrogen pressure is applied, all reflections shift

nm?, ie., 5.6% expanded with respect to TaH,, per Ta atom. toward lower diffraction angles, representing an expansion of

For TaH, g, refinement resulted in a = 0.48136(15) nm, b = the lattice while no other peaks emerge (see Figure S9 for the

0.34383(11) nm, ¢ = 0.47740(15) nm, and Ta position full diffraction patterns).

(0.25,0.25,0.7460). As such, the unit cell with volume V = Results and Conclusions. Most importantly, Figure 3 shows

0.079013 nm® is thus expanded by about 9.6% per Ta atom. As that the shift of the reflection toward lower diffraction angles is
965 https://doi.org/10.1021/acsmaterialslett.3c00038
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not the same for all reflections, resulting in a deformation of
the unit cell. This can most clearly be seen by comparing the
out-of-plane and in-plane 110 reflections: whereas at Py =

24,600 Pa (TaHgg, as derived from neutron reflectometry
(Figure 3(d))), the 110 reflection shifts from 38.8° to 36.6°,
the shift of the 011 reflection to 37.5° is much smaller.
Identifying in what way the unit cell is deformed is not easy
for thin films. Options include the lattice vectors no longer
have the same length, such as for tetragonal (a = b # ¢) and
orthorhombic (a # b # c) unit cells, or as illustrated in Figure
4, the angle between the lattice vectors is no longer 90°, such

Figure 4. Schematic illustration of (a) an undeformed cubic and
(b) deformed unit cell in which the [110] direction is in the out-
of-plane direction.

as in a rhomohedral unit cell, or a combination of both
(monoclinic/triclinic). As the unit cell in bulk is orthorhombic,
we start with exploring this possibility. In an orthorhombic cell,
the 200 reflection (which is due to reflections 200, 020, 002,
200, 020, and 002) splits into three as 200, 020, and 002 are no
longer equivalent. With 110 defined out-of-plane, the 200 and
020 reflections are in diffraction condition when the film is

rotated by y = 45°. Looking at the results of Figure 3(c), we
only observe one reflection, implying that 200 and 020 are still
equivalent and the unit cell is thus not orthorhombic.

To distinguish between a tetragonal and a rhombohedral
deformation is more complicated. Ideally, one would consider
the 111 reflection which splits for a tetragonal but not for a
rhombohedral deformation. However, apart from other
problems, this reflection is not allowed for a body-centered
unit cell. Another way would be to observe whether the 200
reflection splits into two (tetragonal) or not (rthombohedral).
While two of the three reflections can be observed by rotating
the film by y = 45°, the 002 cannot be observed as rotating the
film by the required y = 90° yields hardly any diffracted
intensity (and measurements in transmission are not possible
due to the substrate). A similar reasoning applies to the 211
reflection.

As such, we consider the ratio between the lattice reflections.
Based on the dyy and the d;, spacings, we can compute the

angle between the d and b lattice vectors a:

dio ]

2dy00
Substituting the values for d, o and d,, provides a = 88.0° at

Py, = 24,600 Pa (TaH,,). As shown in Figure 3(c), @ shows a

gradual and monotonic decrease with increasing Py, implying

a=2 arccos[

()

a gradual but steady deformation of the unit cell as the
hydrogen concentration in the Ta later increases. While (quasi-
)monoclinic unit cells have been reported for bulk Ta,
deformations of the unit cell that have been reported do not
exceed 0.5° from 90°.°%*7~*!

The only lattice constant for which we did not quantify its
expansion is ¢ (Figure 4(b)). To do this, we compute ¢ based
on dy;; obtained by measuring at y = 60° and d,o (y = 45°):

1.0 1.08 3
1010 (a) II; Pa o ® (b) - . .'o (d)
. — d
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3060 06 o ° g
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Figure S. In situ X-ray and neutron reflectometry results to determine the layer expansion and hydrogen concentration of the Ta thin film.
(a) Neutron reflectometry data. The continuous lines indicate fits of the data that were used to obtain estimates for the density and layer
thickness (see Figure S11 for the corresponding scattering length density profiles and Figure S10 for the corresponding XRR data). Partial
hydrogen dependence of the (b) hydrogen concentration of the TaH, layer and (c) layer expansion as obtained using XRR. (d) Scaling
between the layer (volume) expansion of the Ta layer, obtained from XRR (Figure 2(a,c)), and the hydrogen concentration obtained from
NR (Figure 2(b,d)). Scaling between (a) the layer (volume) expansion of the Ta layer, obtained from XRR (Figure 2(a,c)), and the out-of-
plane d,, spacing obtained using XRD (Figure 1(a) and 2(a)). The dotted lines indicate linear fits to the data.
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¢ =dy; = 24 d0112 - d2002

The results, provided in Figure S8, indicate a marginal
expansion of the c¢ lattice constant by less than 1%. This is
different from a and b, which expand by about 2.5%.

We can increase our confidence in this result by considering
the total volumetric expansion of the unit cell. As all the
volume expansion in a thin film has to be translated in an
increase in layer thickness, we can use XRR to probe the total
volumetric expansion. Examining the relationship between the
volumetric expansion and d;), spacing provides valuable
information on how the unit cell deforms. In the case of

(3)

isotropic cubic expansion, we expect V = (\/fduo)3, whereas a
purely tetragonal deformation (@ = f§ = y = 90°) would result
in V = 2d,,4%. Differently, in the case where « also alters, we
obtain the following relationship:

a
V = 2d,,0| dy;o tan —
110( 110 an 2)5 )

When the volumetric expansion is realized completely out-
of-plane, the term (duo tan %) is constant as the in-plane

component of d;;, expansion is completely offset by a
reduction of a. In this scenario, V = 2d,,,c. Since we have
shown that ¢ remains practically constant, we expect V o d, .

The results of Figures S10 and S6 indicate a volumetric
expansion of about 7.3% at Py, = 24,600 Pa (TaH,g,), ie,

slightly smaller than the 8% observed for powder Ta. Most
importantly, the results of Figure S(e) indicate that V « dj,
for thin film Ta. We emphasize that, as reported in Figure S12,
the partial hydrogen dependence of the d-spacing and
volumetric expansion are the same when we measured them
by stepwise increasing and decreasing the pressure, implying
that there is no hysteresis observed. This is consistent with
optical transmission measurements that have been reported
before and are reproduced in Figures S13 and S14, indicating
the same level of transmission at a given partial hydrogen
pressure after an increasing and decreasing pressure step.

The observed proportionality, along with our in-plane in situ
diffraction results, reveal that tantalum expands predominantly
in the out-of-plane direction by a gradual deformation of the
unit cell. As we did not observe any hysteresis, this implies that
the deformation is completely elastic. As a result, we would
expect that there is a linear relationship between the stress and
strain. As the root cause of the expansion of the unit cell is the
absorption of hydrogen, we thus expect a linear relationship
between the hydrogen concentration in the film and the
volumetric expansion.

To determine the hydrogen content in our thin film, we
perform in situ neutron reflectometry on our thin films when
they are exposed to various partial hydrogen pressures. The
results, displayed in Figure 5(b,d) and tabulated in Table S1,
indicate a gradual hydrogenation of the thin film with
increasing hydrogen pressure, from about TaHy¢ at Py, = 1.9

Pa to about TaHg, at Py, = 24,600 Pa alongside a reversible

expansion of the layer thickness and increase in the roughness
of the layer, which are both reduced again when the partial
hydrogen is reduced. The most important observation is that
we indeed observe that the volumetric expansion is completely
proportional to the hydrogen content. As such, this is
consistent with an elastic deformation of the Ta unit cell.
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If we compare the response to hydrogen of the thin film to
that of powder Ta, we observe two main differences: (i) the
suppression of first-order phase transitions and (ii) the elastic
deformation of the cubic unit cell. The suppression of phase
transitions is a common effect of nanoconfined systems such as
thin films clamped to their support. Different from powder
materials, two-dimensional clamped films are constrained in
their lateral expansion as expansion must be realized only in
the out-of-plane direction. This may yield very high in-plane
stresses, and the nucleation of domains are considerably
hindered as nucleation of domains would locally induce large
stresses. As such, it may thermodynamically be unfavorable
that such domains are formed at all. In this way, phase
transitions may be suppressed in thin films or altered in
nature,'”""7%°

Even when crystalline phase transitions are suppressed, the
volumetric expansion to accommodate the hydrogen in the
lattice still needs to be realized at least in part. This expansion
must take place only in the out-of-plane direction. This implies
that lateral expansion of a unit cell is only possible (i) when the
film delaminates/buckles from the substrate like in Pd films or
(ii) when the host metal atoms’ are rearranged in such a way
that there a fewer within one layer and the total number of
layers increase (see, e.g., ref 42 for illustrations and discussion).
Apparently, this scenario is unfavorable in this case, possibly
due to the high energy barriers involved in such a
rearrangement. Alternatively, the unit cell can also deform
and the expansion then takes place purely in the out-of-plane
direction, as observed here.

The gradual and elastic deformation of the unit cell over
such a wide hydrogen solubility range in a thin film is to the
best of our knowledge unique to tantalum. While clamping of a
thin film to its support has been shown to have pronounced
effects on the occurrence of phase transitions in, e.g,
magnesium, vanadium, and palladium thin films 92364243 55
well as the potential to deform unit cells,* such deformations
are usually plastic in nature. We wish to note that (irreversible)
changes to the microstructure induced by the hydrogenation,
especially upon first exposure to hydrogen, are common to
metal hydrides but that we here refer to the size and shape of
the unit cell.

The purely elastic deformation upon hydrogenation of Ta
and its alloys is of high practical relevance for their use as
optical hydrogen sensing materials: it ensures the hysteresis-
free response of tantalum to hydrogen within a large hydrogen
solubility range. While bulk Ta would be unsuitable for
hydrogen sensing owing to the presence of first-order phase
transitions and associated hysteresis, thin film Ta is ideal as it
thus has a large hydrogen solubility window of about Ta to
TaH, g without any crystalline phase transition. This allows
the hysteresis-free sensing of hydrogen over at least 7 orders of
magnitude in pressure and an optical response that is stable
over time and repeated exposure to hydrogen.**~>***

In conclusion, we have shown that the hydrogenation of
Ta(110) thin films induces a substantial deformation of the bcc
Ta unit cell. Different from powder Ta, we do not observe any
(first-order) phase transition, showing a pronounced effect of
the clamping of the Ta film to the support. Differently, to
accommodate hydrogen, the tantalum unit cell expands
predominantly in the out-of-plane direction. In doing so, the
unit cell deforms gradually with increasing hydrogen
concentration, with the results that the a and b lattice
constants are no longer equal to the ¢ lattice constant and that
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the angle between the 4 and b lattice vectors deviates from 90°.
Surprisingly, this deformation is completely elastic in nature.
This positions Ta (and its alloys) as an attractive hydrogen
sensing material as the large solubility window within one
phase and the absence of plastic deformation ensures the
hysteresis-free sensing of hydrogen over at least 7 orders of
magnitude in pressure. In a more general perspective, the
results show that nanoconfinement can tailor the properties of
metal hydrides and boost their performance as functional
materials.
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