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Hydrogen detection is becoming increasingly important as its use grows across energy and in-
dustrial systems. Optical sensing platforms based on palladium (Pd) nanoparticles are attractive
for this task because hydrogen uptake directly alters their plasmonic response. Organizing such
nanoparticles into periodic two-dimensional arrays, known as metasurfaces, further enhances their
optical response through collective resonances. However, the large design space presented by chem-
ical composition, nanoparticle geometry, and array structure calls for systematic approaches for
optimizing complex nanoalloy metasurface geometries. Here, we develop an inverse-design frame-
work based on Bayesian optimization that couples first-principles dielectric functions with electro-
magnetic simulations to identify high-performance PdAu nanodisk arrays for hydrogen sensing in
the 1-100 mbar range where the flammability of H, becomes a concern. We use our approach to
search a five-dimensional design space, comprising nanodisk height and radius, array pitch, polymer
coating thickness, and Au fraction in order to maximize the H-induced change in extinction at a
single wavelength of choice. The results show that integrating first-principles optical models with
data-efficient optimization yields experimentally feasible nanoparticle metasurfaces tailored for tar-
geted hydrogen pressures, while providing a pathway to future multiobjective sensor design. They
also reveal remaining gaps in the modeling methodologies that still limit the quantitative reliability

of the approach.

In the search for sustainable alternatives to fossil fu-
els, hydrogen gas (H,) has emerged as a promising energy
carrier. To achieve a safe hydrogen economy, efficient and
reliable H, sensors are essential due to the high flamma-
bility of Hy, under ambient conditions. Over the past
decades, nanostructured palladium (Pd)-based materials
have shown great promise for this purpose, providing a
spark-free, optical sensing platform [1-10]. This func-
tionality is enabled by the ability of Pd to quickly absorb
and release hydrogen, which simultaneously changes its
optical properties. In Pd nanodisks, this effect manifests
as a shift of the localized surface plasmon resonance upon
H, exposure, which can be utilized as a sensing mecha-
nism [1].

Pd is, however, associated with several challenges in
the context of efficient H, sensing [11], including hys-
teresis during H uptake and release [12, 13], CO poison-
ing [14], slow kinetics [15], low-quality localized surface
plasmon resonances [16-18], and poor sensitivity in hu-
mid environments [19]. These challenges have motivated
extensive research over the past decade, resulting in mit-
igation strategies such as alloying [5, 14, 19], applying
coatings [7, 20, 21], nanostructuring [18], and machine
learning-based signal processing [15]. With these efforts,
Pd-based nanomaterials have evolved into a highly tun-
able platform for plasmonic H sensing. Current research
efforts are, however, typically limited to trial-and-error
approaches targeting each challenge in isolation, and
a unifying perspective that systematically connects the
thermodynamics, kinetics, optical response, and practi-
cal device constraints remains absent.

To this end, we propose here a flexible computational
framework to model and optimize sensor systems. We fo-
cus on sensors based on PdAu nanodisks due to the hys-
teresis reduction and improved kinetics during H sorption
associated with Au [13, 22]. The nanodisks are further or-
ganized into ordered 2D arrays, or metasurfaces, leading
to narrower optical resonances, known as surface lattice
resonances (SLRs), arising from their collective optical
response [18, 23]. This phenomenon requires a uniform
refractive index surrounding the nanodisks, achieved by
coating the arrays with PMMA, which matches the re-
fractive index of the silica substrate while having a lim-
ited impact on H, absorption rates in the nanodisks [7].
The optical response of the alloy material is described by
its macroscopic dielectric function (DF), obtained from
first-principles density functional theory calculations, as
a function of the Au and H concentrations. The sensor
system is characterized based on continuum-scale electro-
dynamic simulations of the extinction spectrum before
and after hydrogenation.

This framework is deployed in Bayesian optimization
(BO) to optimize sensor design with respect to the five-
dimensional parameter space spanned by nanodisk height
and radius, array pitch (disk center-to-center distance),
PMMA layer thickness, and Au concentration in the al-
loy. BO is an iterative process where a surrogate model is
used to predict an objective function in the entire domain
while quantifying the associated uncertainty. This guides
the selection of points to sample by balancing exploration
of unsampled regions and exploitation of regions close to
optima.
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Overview of the optimization procedure. (a) Flowchart of the computational methods involved. (b) Calculated

and fitted dielectric function before and after hydrogenation used to simulate the extinction spectra. (c¢) Schematic illustration
of the sample geometry including the involved design parameters corresponding to disk radius r» and height h, array pitch
a, PMMA layer thickness ¢, and Au concentration in the PdAu alloy. (d) Simulated extinction spectra for a nanodisk array
before and after hydrogenation, used to calculate the sensing FoM from the extinction shift at a selected wavelength. (e) The
predicted FoM landscape from the BO surrogate model, used to iteratively suggest new geometries.

In the present work, the objective function is the sen-
sor figure of merit (FoM), which can be defined as any
function of the extinction spectrum at different levels of
hydrogenation. We explore different FoMs but mainly
focus on a cost-efficient single-wavelength sensing princi-
ple by defining the FoM as the change in extinction at a
selected wavelength upon hydrogenation [24-26]. Com-
pared to typical academic approaches, where the full ex-
tinction spectrum is recorded, this represents a reduced
set of observables, lowering the cost and complexity of
the required setup and helping to bridge the gap between
academia and industry, since single-wavelength readout
is typically preferred for real sensor devices.

Furthermore, our approach takes into account the com-
plicated thermodynamics of H absorption by explicitly
including the non-linear dependence of the absorbed H
concentration on the surrounding H, partial pressure.
This is achieved by optimizing sensors for a specific tar-
get partial pressure and avoiding the Au concentration-
dependent hysteresis region, enabling high sensitivity
across the relevant partial pressure interval. In the
present work, we focus on the 1-100 mbar range, which
covers the detection limits set by the U.S. Department
of Energy corresponding to 1 mbar and 40 mbar for au-
tomotive and stationary applications, respectively [27],
with the latter coinciding with the lower flammability
limit of H, in air. Kinetics and environment-dependent
factors, such as CO or the role of humidity, are not ex-
plicitly considered in the present work, but the frame-
work could be extended to multiobjective optimization
and even multiplexed sensors in the future.

In the following, we first describe the computational
framework, which combines first-principles DF calcula-

tions with electrodynamic simulations and BO for sen-
sor design. We then present the optimization results for
single-wavelength sensors targeting H, partial pressures
in the 1-100 mbar range, and show that this approach
efficiently identifies experimentally feasible designs with
good sensing performance. This is followed by experi-
mental validation of the predicted structures, where we
find good overall agreement with simulations despite re-
maining discrepancies. We attribute remaining devia-
tions primarily to the accuracy of the calculated DF, and
discuss how these could be systematically improved in fu-
ture work. We conclude by discussing the implications
of our findings for practical sensor design and future ex-
tensions of the optimization framework.

RESULTS AND DISCUSSION

The computational framework (Fig. la) starts at the
density functional theory-level with the set of DFs for
the bulk PdAuH system calculated in Ref. 17, which
are fitted to a Lorentzian representation (see Supplemen-
tary Note 1) to allow for smooth and continuous changes
with Au and H concentrations (Fig. 1b, Supplementary
Note 1). Each candidate sensor consists of a square peri-
odic array of nanodisks on a silica substrate coated with
PMMA (Fig. 1c). The nanodisks have tapered sides, with
an angle of 60° between the sidewall and the base plane,
reflecting the truncated cone geometry that results from
physical vapor deposition through a lithographic mask.
The sensor geometry is defined by five parameters: nan-
odisk radius r (50-150nm), height h (20-80nm), array
pitch a (200-600nm), PMMA thickness ¢ (0-300nm),
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FIG. 2. Thermodynamic model. (a) H uptake pressure-

composition isotherms for different alloy compositions at
300K from Ref. 28. The stars indicate the compositions of
the optimized 650 nm single-wavelength sensors at each target
pressure. (b) Hysteresis gap as a function of alloy composi-
tion based on Ref. 13 (dots) and the corresponding linear fit
of the gap region limits (limits of the shaded region).

and Au concentration cpy, (0-30 %) in the PdAu alloy.

The extinction spectra of each configuration before
and after hydrogenation to the target H, partial pres-
sure (this mapping is explained below) are obtained from
finite-difference time-domain (FDTD) simulations, and
the sensor performance is quantified through the selected
FoM (Fig. 1d). Here, we focus on a single-wavelength
FoM defined as the absolute change in extinction at a se-
lected wavelength, and specifically 450, 550, or 650 nm,
chosen to represent wavelengths of commercially avail-
able blue, green, and red lasers. We also consider an
alternative full-spectrum FoM defined as the shift in the
plasmon peak upon hydrogenation divided by the full
width at half maximum (measured before hydrogena-
tion).

BO [29] is employed to efficiently explore the result-
ing five-dimensional design space with the goal of max-
imizing the FoM. Here, a Gaussian process surrogate
model predicts the FoM landscape based on the avail-
able data, starting from an initial set of randomly se-
lected data points (Fig. le). In each iteration, new can-
didate configurations are selected by maximizing an ac-
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FIG. 3. Optimization of the @650nm single-

wavelength sensors. Two-dimensional slices of the final
predicted FoM landscape for optimization at target pressures
100 (a), 10 (c) and 1mbar (e), with the values of the other
design parameters annotated. The corresponding extinction
spectra (b, d, f) from simulations, as well as from experimen-
tal measurements, on the fabricated samples.

quisition function that balances exploitation of current
knowledge about the optimum with exploration of re-
gions of high model uncertainty (Fig. S1). In practice,
the optimization is run for 30 iterations, after which the
FoM typically shows only marginal further improvement
(Fig. Slc). This is followed by five iterations of pure ex-
ploitation to ensure that the predicted maximum is ver-
ified by simulations. The best-performing configuration
is then selected for experimental validation.

The H concentration of the hydrogenated state, cy,
is determined from thermodynamic data from Ref. 28,
which relates the target H, partial pressure to the equi-
librium absorbed bulk H concentration of the nanodisks
(Fig. 2a). The hysteresis region as a function of Au con-
centration (shaded region in Fig. 2b) is estimated based
on data from Ref. 13 and excluded during the optimiza-
tion, effectively setting a target pressure-dependent lower
limit for the Au concentration. For instance, at 10 mbar
H,, the Au concentration needs to be at least 10 %, as
lower concentrations are associated with hysteresis at this
pressure. In addition to spanning established detection
targets [27], the chosen target pressures of 1, 10, and
100 mbar represent distinct thermodynamic regimes on
both sides of the plateau pressure with and without hys-
teresis, enabling benchmarking across the practically rel-
evant pressure range.



Single-wavelength sensor @650 nm

To illustrate the optimization procedure, we first
present results for sensors optimized for extinction shift
at 660nm and target pressures of 1, 10, and 100 mbar,
noting that similar results are obtained at 450 and
550 nm, as discussed in the following section. The final
predicted FoM landscapes show a single broad maximum
for all target pressures (Fig. 3a, ¢, €). The locations of the
maxima are similar across target pressures, except for the
Au concentration (see annotations in Fig. 3a, ¢, e), which
increases as the target pressure decreases; this is expected
since the H absorption increases with Au concentration
below the plateau pressure (Fig. 2a). The PMMA thick-
ness varies between the optimized samples, but this is
due to an overall weak effect of the PMMA thickness on
performance rather than a strong preference (Fig. S1).

The design parameters at the predicted optima are
rounded to facilitate fabrication (Table S1) and the re-
sulting sensor geometries are fabricated and their re-
sponse to pulses of H, is measured. The overall spectral
shapes show qualitative agreement between experiment
and simulation, though systematic shifts of the peaks are
observed in the measurements (Fig. 3b, d, f). These de-
viations can be attributed to two main factors. First, the
fabrication process is associated with a noticeable uncer-
tainty in the final size parameters (Fig. S2), in particular
due to the thermal annealing necessary to induce alloy
formation [30], which commonly reduces the aspect ratio
and causes blueshifts of the plasmon peak [17]. Second,
the first-principles-based DFs of the plasmonic material
are subject to the inaccuracies associated with the un-
derlying exchange-correlation functional in the density
functional theory calculations [31], as well as the phe-
nomenological treatment of the Drude peak [32], which
is fundamentally sample-dependent and would differ be-
tween an idealized material and a sample with defects. In
addition, the magnitude of the H-induced optical shift is
smaller in the experiments than in the simulations (see,
for instance, Fig. 3d), which alludes to an overestimation
of the H absorption in the thermodynamic model.

To fully validate the performance of the fabricated
sensors, each sample was exposed to a sequence of H,
pulses with partial pressures ranging from 0.6-100 mbar
(Fig. 4a). We find that, as intended, the sensors have
a clear and reversible response at their target pressure.
The 10 mbar sensor performs well over the entire pressure
range, whereas the 100 mbar sensor has almost no signal
in the lower pressure interval. The 1 mbar sensor, while
having an overall clear signal across the pressure range,
shows worse kinetics and a lower amplitude optical read-
out compared to the other sensors. These results confirm
that the optimized sensors realize high sensitivity across
a broad range of pressures down to 0.6 mbar H, partial
pressure.
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FIG. 4. Time-resolved optical response of the @650 nm
single-wavelength sensors. (a) Sequence of hydrogen
pulses ranging from 0.6-100 mbar used to test the optical ex-
tinction change at a wavelength of 650 nm for the sensors opti-
mized for the (b) 100, (c¢) 10, and (d) 1 mbar target pressures.
The insets to the right show scanning electron microscope im-
ages of the samples.

All single-wavelength sensors compared

Sensors were also optimized for single-wavelength
shifts at 450 and 550 nm with similar results (Fig. S3).
The predicted FoM landscapes are similar across all
wavelengths, as well as target pressures, with a slight
shift of the global maxima toward smaller array pitch
and disk radius with decreasing wavelength, consistent
with the size-dependent blueshift of the plasmonic reso-
nance. The weak dependence on the PMMA thickness
remains for all single-wavelength sensors, with the op-
timized PMMA thickness spanning the full investigated
range without a systematic trend. The primary function
of the PMMA layer is to enable the formation of SLRs.
However, the extinction spectra of the best-performing
samples exhibit broad peaks near the operational wave-
length, characteristic of localized surface plasmon res-
onance behavior rather than the narrow features typi-
cally associated with SLRs. This observation explains
the limited impact of the PMMA thickness on the op-
timization results. All optimal configurations feature
densely packed arrays, which can be attributed to the
higher effective plasmonic surface area enhancing the ab-
solute extinction and, consequently, the magnitude of the
H,-induced optical shift. While the initial motivation for
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FIG. 5. FoM comparison for all single-wavelength

sensors. All considered FoMs for all samples from the sim-
ulations (a) and experimental verification (b). The lower x-
axis indicates the FoM and the upper x-axis further specifies
at which target pressure the FoM is evaluated. The y-axis
corresponds to the samples ordered such that their respective
target FoM follows the same order as the x-axis. The dark-
est color indicates the highest FoM in each column, which
is expected to coincide with the dark green diagonal, while
the yellow dashed lines highlight secondary observed features.
Note that the sample corresponding to the sixth row of the
lower panel is missing due to fabrication issues.

using ordered rather than random arrays was that the re-
sulting SLRs would provide narrower optical features and
thus improved sensing performance, these results suggest
that, for these FoMs, the main advantage actually arises
from the higher achievable packing density.

In Fig. ba we plot the normalized theoretical FoMs of
all single-wavelength sensors investigated in this study.
We find a significant increase in performance across the
diagonal, indicating the success of our approach at tai-
loring sensor performance to specific pressure ranges. In
addition, a pattern of additional diagonal lines (yellow
dashed lines) shifted by three steps appears. This feature
corresponds to a large extinction shift at a wavelength
4+100 nm from the targeted wavelength, at the same tar-
get pressure, which is expected due to the broad plasmon
peaks of these systems. Similarly, there is a correlation
between the sensors optimized for the two lower target
pressures (yellow dashed squares), where sensors opti-
mized for 10 mbar typically perform well for 1 mbar and
vice versa. This correlation likely emerges because, at the
Au concentrations considered here, both pressures fall in
similar thermodynamic regimes and thus exhibit similar
H, absorption behavior (Fig. 2a).

The same comparison for the experimentally fabricated
and measured samples shows mostly similar behavior
(Fig. 5b) with six out of the eight fabricated samples
being the best performing sensor at their intended tar-
get. Due to the aforementioned discrepancy between the
simulations and experimental measurements, some devia-
tions from the simulation-based results are evident. Most
notably, the off-diagonal to the left (yellow dashed line
in Fig. 5b) is very prominent for several samples, indi-
cating good performance at a wavelength 100 nm lower
than the target. This is consistent with two effects ob-
served in many of the fabricated samples relative to the
simulations: a blueshift of the main plasmon peak and
an increase in relative amplitude of peaks at shorter
wavelengths with respect to those at longer wavelengths
(Fig. S3b). Both of these effects yield a larger extinction
at the 100 nm lower wavelength, leading to an increased
FoM. In addition, the correlation between the sensors at
the lower target pressures (yellow dashed squares) pre-
dicted theoretically is also visible in the measured re-
sponse.

Lastly, we have also optimized sensors geometries for
the same target pressures but for a FoM based on the full
spectral readout, corresponding to the H-induced peak
shift divided by the full width at half maximum (Fig. S5).
This approach shows a large theoretical improvement in
performance, but the global maxima are much more nar-
row compared to the single-wavelength sensors, making
the experimental verification more difficult. As a result,
the full-spectrum sensors display a poor signal-to-noise
ratio (Fig. S6) and are unexpectedly outperformed by
one of the single-wavelength sensors (Fig. S7). This high-
lights that there is considerable potential for future devel-



opment if the agreement between experiment and mod-
eling can be improved further.

CONCLUSIONS

We have established a BO framework for the inverse
design of PdAu metasurface H, sensors that integrates
optical simulations with first-principles-based DFs for
PdAu alloys in the pristine and hydrogenated states. Ap-
plied to sensors targeting defined H, pressures, it suc-
cessfully identifies high-performance regions in the de-
sign space. These devices meet the U.S. Department of
Energy [27] requirements for the limit of detection us-
ing only a single-wavelength readout, demonstrating that
computationally guided design can translate directly to
practical, manufacturable sensors. This approach could
be extended to design multiplexed sensors, where differ-
ent regions of the sensor surface target different pressure
regions, and multiobjective optimization where, for in-
stance, response kinetics, gas selectivity, or stability in
humid conditions, are treated simultaneously, provided
that the corresponding physical phenomena can be mod-
eled correctly.

While the agreement between simulations and experi-
ments is good given the first-principles basis of the DFs
without any empirical adjustment, this approach is lim-
ited by the remaining discrepancies which becomes crit-
ical near narrow optima. To reach the full potential of
this approach, the sources of disagreement need to be rec-
onciled, including (i) improved control over the geometry
in the fabrication process, (ii) refinement of the DFs of
the nanodisks to represent real materials, (iii) adjustment
of the thermodynamic model for accurate H absorption
isotherms, and (iv) refinement of the optical simulations
to better describe the entire optical system. In particular
improved structural control and refined material models
will be essential to fully exploit the predictive capability
of this optimization framework, and will therefore have
to be targeted in future work. Once these limitations are
overcome, optimization frameworks of this kind will elim-
inate tedious trial-and-error and grid searches associated
with traditional sensor development and enable efficient
and rapid design across increasingly complex parameter
spaces and objective functions.

METHODS
Bayesian optimization

We use BO [29] to iteratively optimize the FoM as a
function of nanodisk height and radius, array pitch and
PMMA thickness. We consider different FoMs, which
are always calculated from extinction spectra with and
without H in relation to the target pressure via FDTD

simulations. The optimization relies on an underlying
Gaussian process which predicts the mean and variance of
the FoM landscape in each step. We use the open source
python package GPY [33] to set up Gaussian processes.
The covariance function consists of radial basis function
kernels, one for each optimization parameter (i.e., a total
of four), with T functions as hyperpriors for the length
scale and variance of the kernels.

The FDTD simulations are the by far the most time
consuming step. In order to maximize efficiency, two sen-
sor geometries are suggested in each iteration and run in
parallel. The geometries are suggested based on maxi-
mizing an acquisition function that balances exploration
and exploitation. We use the separable natural evolu-
tion strategy [34] as a global optimization algorithm to
maximize an upper confidence bound acquisition func-
tion [29], with a constraint that ensures that the second
geometry picked in every iteration is not within same
hyper-rectangle surrounding the first (there is no such
restriction between iterations).

Lorentzian fit of DFs

The DFs used in this work are based on the set
of Pd; (Au,H, DFs calculated in Ref. 17 with time-
dependent density functional theory. The original cal-
culations are performed with 24 (metal) atom unit cells
which limits the composition resolution to 1/24 ~ 4 %.
In order to allow for continuous changes of the DF with
composition, the DF is fitted to a Lorentzian represen-
tation parametrized by polynomials of the compositions
which results in smoother DFs, seemingly in better agree-
ment with previous experimental work (Fig. S4). Details
of this procedure can be found in Supplementary Note 1.

FDTD simulations

Extinction spectra were calculated using the FDTD
method implemented in Ansys Lumerical FDTD [35].
The computational cell consists of a truncated cone
Pd; cAuH, nanodisk placed on a silica substrate with
refractive index 1.46. The nanodisk is embedded in a
PMMA layer with refractive index of 1.51 based on ex-
perimental measurements [36]. To simulate an ordered
array, periodic boundary conditions are applied in the
x and y-directions while a so-called perfectly matched
layer is used in the z-direction. The sample is illumi-
nated by a plane wave source in the wavelength inter-
val 250-1250nm at normal incidennce. The hydrogen
induced lattice expansion is neglected to avoid optical
shifts caused by how the nanodisk is represented on the
grid.



Sample fabrication

Nanodisk arrays were fabricated on 100 mm fused silica
wafers (Corning 7980, 500(20) pm thickness, double-side
polished, Ra < 1nm). A bilayer electron beam lithogra-
phy resist stack was prepared by spin-coating AR-P 6200
(1:2 in anisole, 4000 rpm, 5min bake at 180 °C) followed
by PMMA 950k A2 (4000 rpm, identical bake). A 20 nm
Cr discharge/reflective layer was thermally evaporated
(Lesker NANO36) prior to exposure.

Patterning was performed by electron beam lithogra-
phy (Raith EBPG 5200; 10nm beam step size, 20nA).
Proximity-effect correction was applied using a Monte
Carlo—based dose modulation routine. After exposure,
the Cr layer was removed by a 40s Cr wet etch.

The resist stack was developed in two steps: 1min
in H,O:isopropyl alcohol (1:4) for PMMA development,
followed by 1min in o-xylene for AR-P 6200. A brief
O, plasma descum (5s, 50 W, 0.333 mbar (=250 mTorr),
80sccm O,; Plasma-Therm Batchtop) was carried out
prior to metallization. Metal deposition was performed
in a Lesker PVD 225, followed by overnight lift-off in
Remover 1165 and sequential rinsing (acetone, isopropyl
alcohol, de-ionized water).

For dicing, samples were protected with S1813
(2000rpm, 1min bake at 110°C) and diced using a
DISCO DAD3350 with a resin-bonded diamond blade
(K010-600JXS; 2mm/s feed, 25000rpm). The protec-
tive coating was removed by two acetone baths (5min
each) and subsequent isopropyl alcohol/de-ionized water
rinsing.

Experimental measurements

The setup used for evaluating the performance of the
samples consists of a quartz tube plug-flow reactor with
optical access for transmittance measurements (Insplo-
rion AB), and is equipped with a set of mass flow con-
trollers (Bronkhorst High-Tech B.V.) that control the
flow rate and gas composition (argon, H,) at atmo-
spheric pressure. The reactor temperature was con-
trolled using a closed-loop temperature control system
(Eurotherm 3216), with the sample surface tempera-
ture inside the chamber (measured via a K-type ther-
mocouple) continuously used as the input. The chamber
can accommodate up to two samples, which are illumi-
nated using an unpolarized halogen white light source
(AvaLight-HAL, Avantes) coupled through a bifurcated
optical fiber (FCB-UV600-2, Avantes BV) equipped
with collimating lenses. The transmitted light from
each sample is collected and analyzed by a dual chan-
nel fiber-coupled fixed-grating spectrometer (AvaSpec-
ULS2048CL-2-EVO, Avantes BV).

The samples were exposed to a constant gas flow rate
of 200 mL/min of argon/H, mixtures throughout the en-

tire measurement (at atmospheric pressure). The process
started with an initialization stage that lasted almost 3 h,
where the sensor temperature was set to 120 °C. During
this time, the sensor was exposed ten times to 100 mbar
H, in argon, in order to (i) desorb previously adsorbed
H,O from the sample surface and (ii) acquire a stable
sensor baseline. The main stage of the experiments was
performed at 30°C and consisted of three identical sets
of H, pulses. The partial pressures of H, in each set were
0.6, 1, 5, 10, 30, 60, and 100 mbar. Within the set, each
H, pulse lasted for 300s, followed by 600s at 1bar of
argon gas pressure.
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Supplementary Notes

Supplementary Note 1: Lorentzian representation fit of dielectric functions

In order to allow for smooth changes of the DF with composition, the DFs are described as a sum of Lorentzians,

N 2

ijj
6(0.)) :1+Z—w2_w2_zw E
j=1 13 Vi

(1)

where each Lorentzian is characterized by its frequency wj, strength z; and broadening «;. Each of these 3N
parameters is expressed as polynomial functions of composition and fitted to the calculated DFs in the three
steps.

1. The calculated DFs are individually fitted to a Lorentzian representation using the method described in
Ref. 1, resulting in 5 Lorentzians per DF.

2. The individually fitted Lorentzians are sorted by frequency, and each of the three parameters is fitted for
each Lorentzian to a second-order polynomial of the H and Au concentrations, resulting in a total of 15
fitted polynomials.

3. The polynomials from step 2 are used as initial guesses in a final NLLS fit (as implemented in SCIPY (2))
of all coefficients of the 15 polynomials at once (90 coefficients in total). The residual in this fit is defined
as the summed error of the real and imaginary parts of the DF at discrete energies with an added penalty
for negative frequencies and broadening factors.

In Figure S11 examples of fitted vs. as-calculated DFs are shown as well as resulting extinction spectra. Note
that the DF of pure Pd was intentionally skipped since it deviates from the trend of all other DFs (Figure S12).
We believe this is due to some numerical issue in GPAW (3) that we were not able to resolve. The fitting
procedure clearly results in smooth DFs with the same general shape but less fine structure compared to the
as-calculated DFs. We have found that the resulting single-disk spectra reproduce experimentally observed
trends (4) very well (Figure S4), in contrast to previous extensive attempts considering size distribution and
artificial broadening. This indicates that enforcing smooth variations of the DF with composition and effectively
removing most fine structure results in more realistic DFs.
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Supplementary Tables

Table S1: Samples selected for experimental verification Overview of the target pressure, FoM and
design parameters for all samples selected for experimental verification. All parameters are rounded from the
predicted optimum values, with disk dimensions and array pitch rounded to the nearest 5nm, the PMMA
thickness to the nearest 25 nm, and the Au concentration to the nearest 5%. The rounding precision reflects
the estimated fabrication uncertainty and the width of the predicted FoM maximum for each parameter.

Sample Pressure FoM Disk radius  Disk height Array pitch PMMA Au conc.
(mbar) (nm) (nm) (nm) (nm) (%)
B1 100 AN/ FWHM 70 20 510 75 0
B2 10 AXN/FWHM 65 70 300 300 15
B3 1 AXN/FWHM 75 70 285 300 30
C1 100 Aext. @ 450 nm 50 25 200 175 0
C2 10 Aext. @ 450 nm 70 20 200 175 15
C3 1 Aext. @ 450 nm 70 20 200 0 30
D1 100 Aext. @ 550 nm 80 25 235 250 0
D2 10 Aext. @ 550 nm 75 20 230 225 15
D3 1 Aext. @ 550 nm 75 20 200 125 30
E1l 100 Aext. @ 650 nm 85 20 315 75 0
E2 10 Aext. @ 650 nm 90 20 280 75 15
E3 1 Aext. @ 650 nm 90 20 260 300 30
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Supplementary Figures
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Figure S1: Bayesian optimization for 10 mbar H, and the 650 nm single-wavelength FoM. (a)
Slices of the predicted FoM landscape and (b) the corresponding standard deviation as a function of array pitch,
disk radius and PMMA thickness as it develops over the iterations (columns). For the selected slices, the disk
height is 20 nm and the Au concentration is 15%. The data points are included as dots with the inverse color
scale and their opacity reflecting the closeness to the slice. (c) The obtained FoMs during the iterations and
(d) the extinction spectra of the geometries with highest FoM at four selected iterations (indicated by stars in

(a, ©)).
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Figure S2: Post-anneal size correction of extinction spectra.  The fabrication process is associated
with a large uncertainty in the final size parameters of the nanodisks. (a-c) Optimized and size-corrected
simulated extinction spectra for three example samples. (d) The change in the disk height and radius after the
fabrication process (post-anneal) compared to the optimized parameters. (e-g) scanning electron microscope
images of the fabricated samples (post-anneal). The first column corresponds to the sample optimized for peak
shift over FWHM at 100 mbar (left) followed by samples optimized for extinction change at A = 650 nm and
100 mbar (middle) or 1 mbar (right).
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Figure S3: Single-wavelength sensor optimization.  Optimization of the sensor geometries for target
pressures 100 mbar (first row), 10 mbar (second row) and 1 mbar (third row). The FoM is based on the extinction
change at a single wavelength, chosen to be 450, 550 and 650 nm (as indicated by the column titles). (a) Slices of
the predicted FoM landscape surrounding the global maxima (specified by the annotated text). (b) Calculated
extinction spectra in the pristine (blue) and hydrogenated states (orange) as well as schematic top and side
views of the optimized samples.
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Figure S4: Effect of Lorentzian fit on single-disk sensitivity. = The Lorentzian fit generally smooths
features in the DFs and, in turn, in extinction spectra. Specifically, the double-peak phenomenon observed in
our previous work (1) is smoothed out. This leads to a continuously increasing sensitivity with the disk diameter

which is in better agreement with experimental observations (4).
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Figure S5: Full-spectrum sensor optimization. Optimization of the sensor geometries for target

pressures (a) 100 mbar, (b) 10 mbar and (c) 1 mbar with peak shift over FWHM as FoM. (a-c) Slices of the FoM
landscape surrounding the global maxima. (d-f) The simulated extinction spectra with H (blue) and without
H (orange) as well as schematic top and side views of the optimized samples. (g-i) The measured extinction
spectra. (k-m) The time evolution of the peak position as the samples are exposed to a sequence of hydrogen
pulses ranging from 0.6 mbar to 100 mbar (j).
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Figure S10: Time series for the optical response of the 650 nm single-wavelength sensors. Time
series for the optical response of the 650 nm single-wavelength sensors, with decreasing target pressure from the
top down, at all four FoMs.
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Figure S11: Fitted dielectric functions and extinction spectra. Real (a, d) and imaginary (b, e)

parts of the dielectric function as-calculated with TD-DFT and after fitting for PdH (a, b) and PdAu (d, e).
(c) Extinction spectra for single disks with diameter 90 nm and height 30 nm. (f) Extinction spectra for ordered
nanodisk arrays with diameter 160 nm, height 40 nm, pitch 400 nm and PMMA thickness 300 nm.
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Figure S12: Pure Pd inconsistency. The dielectric function of pure Pd deviates from the trend of all

other compositions. This is visible as a shoulder in the real part at ~ 2eV (a) and a lower amplitude than
expected in the plasmon peak (c). We have not been able to find any support for that behavior in the literature
and believe it to be an artifact of the density functional theory calculations. For this reason, we have chosen to
exclude pure Pd when fitting the final Lorentzian representation.
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