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ABSTRACT: Yttrium is a metal whose optical properties are
tunable by hydrogen incorporation. Commonly, this happens via
exposure to hydrogen gas. Here, we demonstrate that the
hydrogenation of yttrium is also possible via the deprotonation
of alcoholic liquids. Palladium-covered yttrium is placed in an
ethanol bath that causes the deprotonation of ethanol and the
hydrogenation of yttrium to yttrium dihydride. Proof-of-concept is
presented with a study on thin films, which is followed by tuning
the optical properties of plasmonic nanoantennas. The liquid
hydrogenation causes the plasmonic resonance to shift by more
than 300 nm in the near-infrared spectral range. Consequently, we
show that our plasmonic nanoantennas serve as a local nanooptical
indicator for the deprotonation process. Our findings pave to road
toward a (nano)optical investigation and detection of catalytic processes in liquids without the need of electrical, chemical, or
electrochemical read-out.
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Plasmonic nanophotonic systems fabricated from materials
whose optical properties and material states are tunable

upon external stimuli are of ever-increasing interest.1 They
allow the realization of plasmonic optical gas sensors,2−4

plasmonic molecule detectors,5−9 plasmonic displays,10−15

tunable plasmonic metasurfaces,16−22 and many more
reversible and nonreversible applications. Especially plasmonic
optical sensing platforms are an emerging field of interest as
they allow, for example, to detect hydrogen (H2) via an optical
readout without further need of electronics in highly explosive
environments.23,24 Such sensors rely on the used plasmonic
materials to be highly sensitive to a hydrogen exposure.
Predestined and frequently used materials to show such unique
properties are, for example, magnesium (Mg),25−30 niobium
(Nb),31,32 yttrium (Y),33,34 or palladium (Pd).35−38 The latter
is typically used as a catalyst to split hydrogen molecules at the
Pd surface and to allow further diffusion of hydrogen atoms
into the attached hydrogen-sensitive layers.
In this work we present a local nano-optical indicator that

allows the detection of hydrogenation of yttrium nanoantennas
via the deprotonation of alcohols assisted by a catalytic Pd
cover. While common hydrogenation schemes of Y rely on
hydrogen gas exposure, we show that, upon an exposure to
liquid alcohols, such as ethanol or methanol, Y can be
hydrogenated at room temperature and ambient pressures.
This Pd-catalyzed deprotonation/oxidation of alcohols is
known in the literature.39−42 However, so far, it has not
been possible to visualize such a deprotonation optically. After

proving the concept in the visible (VIS) spectral range with Y−
Pd thin films, we demonstrate a plasmonic nanoantenna
resonance shift of several hundred nanometers in the near-
infrared (NIR) and mid-infrared (MIR) spectral range after
ethanol exposure. By varying the length of the plasmonic
nanoantennas, we confirm excellent tunability and modulation
of the plasmonic resonances as necessary for future wide-range
applications. Our liquid hydrogenation method and nano-
optical deprotonation indicator paves the way toward a purely
optical local monitoring and detection of hydrogen-involving
chemical processes in liquid environments without further
need of electrical, chemical, or electrochemical read-out. It will
be possible to optically and locally track chemical reactions
where a local hydrogen indication is necessary, as for example
during redox reactions in fuel cells to further improve their
efficiency.

■ RESULTS AND DISCUSSION
The main concept of our liquid hydrogenation scheme is
illustrated in Figure 1. The hybrid optical indicators consist of
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stacked layers of yttrium (Y) and palladium (Pd) on glass
substrates, as depicted on the left in Figure 1. This two-layered
indicator is able to hydrogenate in an ethanol bath (Figure 1,
middle), as the catalytic properties of Pd cause the
deprotonation of ethanol and the hydrogen uptake of Pd and
Y. As known from gasochromic hydrogenation experiments in
which the samples are exposed to gaseous H2 buffered in N2 or
synthetic air, Y is an excellent candidate to visualize its
hydrogen uptake optically. Similarly, after the liquid hydro-
genation, the optical properties of Y have changed dramat-
ically, as stable yttrium dihydride (YH2) has formed (Figure 1,
right). This phase transition from metallic Y in hcp
configuration to metallic YH2 in fcc configuration comes
with a strong increase in the electrical and optical conductivity.
Consequently, YH2 is the preferred metal to exhibit a
plasmonic resonance, as we will show in the course of this
work. Please note that the transition from Y to YH2 is
nonreversible at ambient pressures and room temperature. In
contrast, Pd is expected to return to its pristine state as soon as
the layered system is taken out of the ethanol bath, as we will
also discuss in the course of the manuscript. Consequently, as
mentioned, our new liquid hydrogenation method allows for a
local optical indication and detection of chemical processes in
liquids. We have to point out that, due to noncyclability, it is
unlikely to be suited for reversible optical switching
applications.
To prove our concept of liquid hydrogenation via the

deprotonation of ethanol, we first study the change of the
optical properties of Y−Pd thin films (50 nm Y + 20 nm Pd).
The materials are evaporated subsequently via electron beam
evaporation without breaking the vacuum. To keep the
deposition conditions and thus the optical properties of the
catalytic metals highly reproducible, we keep the deposition
parameters (chamber pressure, deposition rate, film thick-
nesses, vacuumized material storage, etc.) identical for all
samples shown in this work.43 Figure 2 illustrates the change in
the (a) reflectance and (b) transmittance spectrum in the VIS
and NIR spectral range (500 to 900 nm). They are measured
using a customized upright microscope spectroscopy system
(NT&C NanoMicroSpec) referenced to an aluminum mirror
(reflectance measurements) and to the bare substrate (trans-
mittance measurements). The corresponding spectra of the
film after immersion in ethanol are displayed in Figure 2a,b in
red, the spectra for a gasochromic reference in blue, and the
spectra of the pristine films in black. Numerical calculations of
the reflectance and transmission spectra are plotted as dashed

lines. The calculations are performed via a scattering matrix
formalism.44 The dielectric data of Y is taken from Weaver et
al.,45 and the data for YH2 is taken from van Gogh et al.46 We
find that the optical properties change drastically upon ethanol
and gas exposure. The reflectance of the thin films decreases
from 0.6 to approximately 0.1 at 600 nm. Similarly, the
transmittance increases by almost a factor of 7 from a value of
approximately 0.01 to a value of 0.07. This characterization of
the spectral appearance allows for the determination of the
material state of Y after the liquid hydrogenation in an ethanol
bath. Strikingly, the reflectance as well as the transmittance
spectra of the ethanol state and the gasochromic YH2 state are
nearly identical. This proves that the immersion in ethanol
leaves the film in the hydrogenated YH2 state.
Furthermore, we assume the Pd cap layer to return to its

pristine state after the ethanol immersion and subsequent

Figure 1. Concept of hydrogenation. The pristine optical indicators
consist of a 50 nm yttrium (Y) layer covered with a 20 nm catalytic
palladium (Pd) layer, as illustrated on the left. When placing such a
sample in an ethanol bath (middle), the Pd layer causes the
deprotonation of the ethanol and absorbs hydrogen (indicated by red
spheres), which is then absorbed by the Y. After the immersion in the
ethanol bath, the Y film has hydrogenated to a stable yttrium
dihydride (YH2) state, as indicated on the right.

Figure 2. Material investigation via thin films: proof of concept. (a)
Reflectance and (b) transmittance spectra of Y−Pd thin films in its
pristine state (black solid lines), after an ethanol bath (red solid lines),
in a gasochromic YH2 state (blue solid lines), as well as calculated
spectra for the pristine Y and hydrogenated YH2 state (dashed lines).
The spectra of the gasochromic YH2 state and after ethanol agree very
well, which implies also YH2 material after the ethanol bath. We
assume the Pd cap layer to return to its pristine state after the ethanol
immersion and subsequent ambient air exposure, as validated by
calculations (see Figure S1 in the Supporting Information). (c) Visual
appearance of the backside of a pristine Y film and YH2 film after
ethanol. The images are taken with a reflection microscope. The scale
bar is 1 mm and is valid for both images.
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ambient air exposure, as validated by calculations of different
material stacks summarized in Figure S1 in the Supporting
Information. In brief, we find that the calculated transmittance
through a YH2−PdHx material stack where the cap layer is still
hydrogenated overestimates the experimentally obtained values
by a factor of 2. In contrast, we achieve a very good qualitative
and quantitative agreement with the spectrum calculated for a
YH2−Pd combination, as it is depicted in Figure 2a,b.
Additionally, we performed the experiments using a wider

set of solvents, in particular, of varying pKa values. These
results are shown in Figure S2 in the Supporting Information.
Briefly, we compare an immersion of Y−Pd films in baths of
ethanol, methanol, and acetone. We observe a very similar
hydrogenation of Y for ethanol and methanol, whereas acetone
(no alcohol) leaves the Y film unaffected. A detailed
description of the gasochromic measurements can be found
in Figure S3 of the Supporting Information.
Please note that Pd-capped yttrium is an ideal candidate to

visualize this effect of liquid alcohol deprotonation. The reason
lies with the very low hydrogen/proton partial pressure of only
10−30−10−25 bar necessary for the transition from Y to YH2 to
start in a controlled environment without oxygen.47 In
contrast, the transition to the YH3 state starts at comparably
high partial pressures of 10−5−100 bar. Similarly, the phase
transitions of pure Pd or other Pd-capped hydrogen-sensitive
materials such as magnesium or niobium occur at similarly
high hydrogen partial pressures, which are not reached by our
liquid hydrogenation method. Please also note that even via
common gas exposure a transition to full stoichiometric YH3
cannot be reached. Typical experiments with Pd-capped Y stop
at a hydrogen content YHx of x ≈ 2.7−2.9 (under very high
pressure, x = 2.99 can be reached).33

Figure 2c shows the visual appearance of the backside of a
pristine Y film (left) and of the same film after liquid
hydrogenation in ethanol (right), taken in reflection (imaged
through the glass substrate). The white balance is taken on the
pristine Pd front side. We find, as expected, a silverish
appearance of the pristine Y, whereas the film after the ethanol
bath appears purple. As YH2 becomes dielectric for λ < 800 nm
this purple appearance is most likely due to a Fabry−Perot
resonance in the YH2 thin film which is tunable via the initial Y
film thickness, as it known from previous work in literature.48

Consequently, this resonance seems also to be the reason for
the absorptive dip in the reflectance spectra of the hydro-
genated YH2 films in Figure 1a around λ = 600 nm.
For potential applications as optical indicator of local

catalytic chemical processes it is important to understand the
transition dynamics in more detail. Thus, we turn our attention
to the temporal behavior of the transition from Y to YH2.
Figure 3a depicts the spectral change in reflection during the
liquid hydrogenation upon ethanol exposure. For clarity we
plot spectra every 8 min of ethanol exposure. The temporal
spectral change clearly indicates the transition from the pristine
Y state (black) to the hydrogenated YH2 state (red) as the
Fabry−Perot mode around λ = 600 nm becomes more and
more pronounced, causing the reflectance to drop significantly.
As seen in the time trace of the reflectance at λ = 600 nm in
Figure 3b, the liquid hydrogenation of Y in the ethanol bath
saturates after approximately 120 min (red curve). Further,
acetone leaves the Y/Pd films unaffected as no hydrogen
uptake via Pd is taking place (orange curve). A comparison to
other alcohols is shown in Figure S3 in the Supporting
Information. At this point we have to discuss the potential

reason for this liquid hydrogenation in ethanol. As mentioned
above, we believe that the catalytic Pd layer causes a
deprotonation of the alcohols, as it is known in case of Pd
nanoclusters.41,49 As the ability to deprotonate a solvent is
directly related to its pKa value, the hydrogenation speed
should depend on the pKa value of the solvent being used. The
lower the pKa value, the more likely is the deprotonation of the
solvent, in turn speeding up the liquid hydrogenation.
However, a lower pKa value also implies a stronger acid
which means that it becomes increasingly likely that highly
reactive materials such as Y degrade.
For local detection of chemical reactions, it is necessary to

transfer this hydrogenation concept to the micro- or
nanometer scale. Our design of a local nano-optical indicator
of the ethanol deprotonation is depicted in Figure 4a. We use
plasmonic nanoantennas made from Y and Pd with a
plasmonic resonance in the near-IR and mid-IR spectral
ranges. These nanoparticles hydrogenate and change to YH2
upon the liquid ethanol exposure and thus cause a large shift of
the plasmonic resonance. The nanoparticles are fabricated via
electron-beam lithography (EBL) and subsequent metal
deposition via electron beam evaporation with a subsequent
lift-off process. The pristine antennas have a length of 460 nm,
a width of 190 nm, and a height of 70 nm (50 nm Y + 20 nm
Pd cap). The periodicity of the antenna array is 700 nm in the
x- and y-directions. An SEM image of the fabricated pristine
array is depicted in the upper panel (black) of Figure 4b. The
geometrical parameters lead to a somewhat weakly modulated
plasmonic resonance of the pristine Y nanoantennas with a
centroid wavelength at around 1390 nm, as shown in Figure 4a
(black curve). The centroid wavelength defines the center of
mass of the plasmonic resonance and is obtained via the
algorithm from Dahlin et al.50 The spectra are measured with a
commercial Fourier transform infrared spectroscopy system
(Bruker Vertex 80 with Hyperion 3000 microscope). This
rather broad plasmonic resonance is caused by the low
electrical conductivity of Y.46,51 The actual existence of a
resonance is mostly due to the 20 nm Pd cap. After the ethanol
exposure we find the nanoantennas switched to the YH2 state
which, as shown above, causes a strong change in the optical
properties. Consequently, the resonance of the nanoantennas
shifts by more than 300 nm to a centroid wavelength of around
1700 nm, demonstrating excellent spectral separation between

Figure 3. In situ temporal investigation of transition of Y thin films.
(a) Reflectance spectra at every 8 min of the ethanol exposure. The
transition from pristine Y (black) to YH2 (red) is clearly observed. (b)
Time trace of the change of the reflectance at a wavelength of 600 nm
for ethanol exposure (red curve). For comparison, the time trace for
acetone (orange) is depicted. Acetone leaves the pristine Y film
unaffected.
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the pristine and hydrogenated state. Furthermore, the
resonance is now well modulated as the conductivity of YH2
is strongly increased in comparison to Y, which is caused by a
change in the atomic and electronic structure upon hydrogen
uptake.52 Please note that both measurements in Figure 4a are
taken when the sample is completely dry, once before (black
curve) and once after (red curve) the ethanol exposure. This
means that there is no liquid present during the measurement,
which could have caused the red-shift of the plasmonic
resonance due to a refractive index change of the surrounding
medium. An SEM image of the YH2 nanoantennas after
ethanol exposure is shown in the lower panel (red) in Figure
4b. We find no deformation or noticeable expansion of the
nanoantennas after hydrogenation. The reason lies with the
comparably small volume expansion of only approximately 5%
when Y changes to YH2.

53 This conclusively demonstrates that
the change and shift of the plasmonic resonance of our nano-
optical indicator in Figure 4a is almost solely caused by the
change in the electronic and consequently optical properties of

the plasmonic nanoantennas upon ethanol deprotonation and
hydrogen uptake.
In order to utilize yttrium nanoantennas as, for example,

nano-optical plasmonic indicator, one has to be able to tune
the plasmonic resonance over a wide spectral range. Thus, we
vary the length of our plasmonic nanoantennas from L = 350
nm to L = 520 nm, while keeping the width (190 nm), the
height (70 nm), and the periodicity (700 nm in x- and y-
directions) constant. The spectral evolution of the correspond-
ing plasmonic resonances is depicted in Figure 5 for YH2
nanoantenna arrays which have been switched via (a) an
ethanol bath and (b) gasochromically. Overall, we find perfect
tunability of the plasmonic resonance and an excellent
agreement between both experimental hydrogenation schemes.
This underlines the exceptional power of our alcohol
deprotonation technique to hydrogenate Y nanoantennas

Figure 4. Nano-optical indicator for deprotonation process: hydro-
genation of plasmonic nanoantennas. (a) Schematics of Y plasmonic
nanoantennas hydrogenating in ethanol to metallic YH2 (upper panel)
as well as the corresponding change of the extinction spectra (lower
panel). The pristine antennas have a length of 460 nm, a width of 190
nm, and a height of 70 nm (50 nm Y + 20 nm Pd). The periodicity of
the array is 700 nm in the x- and y-directions. The plasmonic
resonance for pristine Y (black curve) shows a peak wavelength at
around 1390 nm and is somewhat weakly modulated. After the
ethanol bath (red curve) the plasmonic resonance has red-shifted to a
peak wavelength at around 1700 nm and is well modulated. (b) SEM
images depicting the nanoantennas in its pristine state (black, upper
panel) and after ethanol (red, lower panel). Although there has been a
hydrogen uptake, no degradation or noticeable volume expansion is
observable. The large scale bar is 2 μm. The small scale bar for the
inset SEM images is 200 nm.

Figure 5. Plasmonic resonance tuning via ethanol, gasochromic
comparison, and simulation of YH2 nanoantennas. Extinction spectra
of YH2 plasmonic nanoantennas (a) after ethanol, (b) after gas
exposure, and (c) simulated. The length of the antennas varies from
350 to 520 nm. The width is 190 nm and the height is 70 nm (50 nm
YH2 + 20 nm Pd). The cap layer for the simulations is in a Pd state as
the samples are exposed to oxygen during the measurement and thus
the PdHx present during the ethanol/gas exposure is expected to
dehydrogenate to Pd within seconds. In contrast, YH2 remains stable
at oxygen exposure at room temperature and ambient pressure.
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without the need for explosive hydrogen gases. Furthermore,
Figure 5c illustrates the corresponding simulated plasmonic
nanoantennas. The simulations are carried out with the
frequency domain solver of CST Microwave Studio. The
spectra of all pristine Y plasmonic nanoantenna spectra can be
found in Figure S5 in the Supporting Information. As the
nanoantennas in experiment form a native yttrium oxide
(Y2O3) layer, we include a 3 nm thin Y2O3 shell in the
simulations. Furthermore, the nanostructuring processes
(PMMA masking and development, lift-off, etc.) can introduce
small defects and impurities in the Y nanoantennas. To
compensate for this degradation in the simulation, we increase
the free electron damping in the respective dielectric
function.33 Consequently, we achieve very good agreement
between experimentally measured and simulated YH2 nano-
antennas. In the experiments, the length tuning allows for a
shift of the plasmonic resonance from approximately 1440 to
1890 nm. This closely matches the overall expected shift and
absolute centroid position from the simulations.

■ CONCLUSION
In conclusion, we have demonstrated a novel method to
hydrogenate yttrium films as well as yttrium nanoantennas in a
liquid environment. We have carried out a proof-of-concept via
alcohol hydrogenation of Y thin films to YH2 and have shown
excellent agreement with gasochromically switched films as
well as with calculated optical responses. Our presented local
nano-optical indicators for the deprotonation of alcohols
consist of periodically arranged plasmonic nanoantennas
realizing a resonance with great oscillator strength and wide
tunability in the NIR and MIR spectral range. Upon alcohol
exposure, the plasmonic resonance shifted by several hundreds
of nanometers, leading to an excellent distinguishability
between the pristine and hydrogenated state. Again, a
comparison with gasochromically hydrogenated as well as
simulated YH2 nanoantennas revealed excellent agreement.
Our findings have immediate implications in hydrogen-
regulated optical and chemical systems and can lead to
applications where a hydrogen detection and indication in
liquids is required. A utilization of our liquid hydrogenation
scheme in other metal hydride systems or hydrogen-sensitive
materials such as metal−organic frameworks could, in the
future, even allow for a reversibility of the liquid hydrogenation
process. Volumetric detection limits of chemical reactions and
catalytic processes in liquids can be even further pushed by
using and investigating single plasmonic particles as local
nanoprobes instead of the entire nanoantenna array.
Furthermore, our work can be highly beneficial for a better
understanding of chemical reactions in liquids as it paves the
way toward accessing and visualizing the reaction optically and
locally without the necessity of an additional electrical,
chemical, or electrochemical readout.
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