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Abstract

Palladium is the most prominent material in both scientific and industrial research on
gas storage, purification, detection, and catalysis due to its unique properties as a cata-
lyst and hydrogen absorber. Advancing the dynamic optical phenomena of palladium
reacting with hydrogen, transduction of the gas-matter reaction into light-matter inter-
action is attempted to visualize the dynamic surface chemistry and reaction behaviors.
The simple geometry of the metal-dielectric-metal structure, Fabry—Perot etalon, is
employed for a colorimetric reactor, to display the catalytic reaction of the exposed gas
via water-film/bubble formation at the dielectric/palladium interface. The adsorption/
desorption behavior and catalytic reaction of hydrogen and oxygen on the palladium
surface display highly repeatable and dramatic color changes based on two distinct
water formation trends: the foggy effect by water bubbles and the whiteout effect by
water film formation. Simulations and experiments demonstrate the robustness of the
proposed Fabry—Perot etalon as an excellent platform for monitoring the opto-physical
phenomena driven by heterogeneous catalysis.

Keywords: Palladium, Hydrogen, Oxygen, Fabry—Perot resonators, Colorimetric
sensors, Water-forming reaction

Introduction

Color is an intuitive and powerful visual method for conveying distinguishing informa-
tion. It is highly advantageous to detect and monitor molecular reactions via color vari-
ation without imaging instruments. In this sense, structural coloration and its dynamic
color change assisted by nanotechnology provide a naked-eye view of nano/microscopic
molecular interactions [1-5]. They showed selective manipulation of light scattering/
absorption and reversible coloration in the visible spectrum (400-750 nm) in response
to external stimuli including temperature [6], strain [7], moisture [8], biochemical mol-
ecules [9], gas [10], etc. Meanwhile, gas-matter interfaces where atomic-length-scale
reactions via heterogeneous catalysis and surface chemistry (i.e. adsorption, diffusion,
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rearrangement, nucleation, transfer, or inter-atomic reactions) occur are of interest
for accumulating scientific knowledge for advancing science and meeting industrial
demands.

As climate change and indoor air quality management become paramount, dynamic
structural coloration by gas exposure is emerging as a vital future technology. Gener-
ally, gas adsorption onto metal oxides or polymers can trigger charge trapping, which
induces global or local electron density changes [11]. Although reduction—oxidation
reaction [12] or metal phase transitions including metal hydrides (MHy) [13, 14] by
gas absorption can shift the reflectance spectra, it is challenging to modify significant
dielectric properties to reach dramatic coloration. In addition, direct tracking of an
underlying atomic rearrangement and a reaction pathway in the course of gas-matter
interactions is impossible in the visible spectra. This is because the feature size of such
reaction components must be comparable to the resolution of the monitoring equip-
ment: length scale-mismatching. Alternatively, extensive efforts for tracking the atomic/
molecular interaction have been established by either computational simulations such
as density functional theory (DFT) [15] or experimental proofs. Extravagant but state-
of-the-art imaging techniques including scanning photoemission microscopy (SPM)
[16], low-energy electron microscopy (LEEM) [17], ellipso-microscopy for surface imag-
ing (EMSI) [18], reflection anisotropy microscopy (RAM) [19], transmission electron
microscopy (TEM) [20], and their multiple combinations are the examples. However, we
envision that such atomic-level observations can be visualized if atomic gas-matter reac-
tions can be translated into light-matter interactions within a Fabry—Perot (FP) cavity,
which can remove the stringent restrictions of state-of-the-art measurement techniques.
A FP-induced-coloration can be obtained uniformly over a large area through a simple
bottom-up process and offers exceptional color dynamicity within the visible spectrum
[8]. In particular, since sophisticated physicochemical modulation of constituting layers
of FP cavity lead to drastic color changes with respect to the external stimuli, thus, one
could amplify the atomic-scale surface reaction behaviors into larger-scale and provide
real-time tracking of the reaction pathway based on solely on colors.

Herein, we propose a FP etalon to couple the gas-matter reaction to the light-matter
interaction by strategically designing a platform that confines selective gas adsorption
and subsequent water-forming reactions in various chemical pathways. In a thorough
understanding of the underlying principle of colorimetric changes in FP etalon devices,
different gas-reactive pathways at the interface between a gas-permeable polymer film
and palladium (Pd) metal were observed with drastic color variation. We found two dis-
tinct trends of color variations (i.e. color foggy effect vs. whiteout effect) in response
to the predominating gas exposure because of the different behaviors of water-forming
reactions (water bubble formation under O,-dominated Pd surface and water film forma-
tion under H,-dominated Pd surfaces) (Fig. 1). Based on knowledge of surface chemistry
and sequential exotic optical phenomena by FP etalons, we reported the most advanced
and practical approach for gas stimulus-induced dynamic optical coloration technol-
ogy and investigated the underlying gas-matter physical/chemical interaction behaviors
using simple spectroscopy and naked-eye monitoring methods. Based on this structure,
we verified atomic-scale surface reactions with naked-eyes. Furthermore, this approach
can fabricate scalable hydrogen gas sensors. The proposed platform is fundamental for
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Fig. 1 Overall mechanism and phenomena of water-forming reaction at FP etalon. a Layer description of
FP etalon and H,/O, adsorption on the Pd surface undergoing the atomic-level catalytic reaction. b Energy
profiles for dissociative adsorption of H,/O, and H,0 formation/desorption on the Pd(111) surface initially
exposed to O, (black) and H, (red). c-f Conceptual illustrations of atomical gas adsorption and sequential
water-forming reactions inducing water bubble formation over the O,-precovered (c) and H,-precovered
Pd surface (d) in response to H,/O, gases exposure, resulting in optical foggy effect (e) and optical whiteout
effect (f), respectively

understanding basic science and the fabrication of cost-effective gas sensors for indus-
trial applications.

Result and discussion

Interfacial confinement of water-forming reaction at FP cavity for dynamic coloration

The FP resonance cavity, in which a gas-permeable polymer is sandwiched between the
top and bottom Pd metals, was prepared to improve the performance of the gas-induced
structural coloration (Fig. 1a). Only H, and O, penetrate and reach the polymer/bottom
Pd interface where a catalytic reaction is expected. According to the pertinent literature,
the dissociative adsorption of H, and O, occurs competitively on the Pd surface, forming
H,O [21-23]. Based on DFT calculations (Supplementary Note 1), exothermic steps for
H,O generation with different energy pathways are expected as a function of the surface
chemistry of the Pd(111) surface (O- vs. H-covered Pd). The H-covered Pd surface shows
preferred H, dissociation over the O-covered Pd surface due to the exothermic transi-
tion from state II to III (Fig. 1b). This led us to assume that different ratios or types of
H,O genesis are expected. For instance, the different H,O genesis pathways and result-
ant distinct H,O types (i.e. bubbles: Fig. 1c and film: Fig. 1d) may cause distinct opti-
cal phenomena (optical foggy effect: Fig. 1e and whiteout effect: Fig. 1f). Then, we can
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monitor the atomic scales of surface catalytic reactions in color via light-matter interac-
tions. Consequently, real-time and dramatic color changes in response to the alteration
of the physical properties of the dielectrics (polymer insulating layer and newly formed
water film) of the FP etalon can be realized by coupling the light-matter interaction of
the FP cavity with the gas-matter reaction, which permits the water droplets/film and
concomitant structural color change through gasochromic observation.

Water bubble formation at the polymer/Pd interface

Figure 2a shows the Pd-assisted catalytic reaction that produces water bubbles. At
equilibrium, as the physisorption of O, on the Pd surface is thermodynamically more
favorable than that of H,, the surface coverage of adsorbed H, is relatively small [24].
High surface coverage of O, on the Pd surface interferes with the dissociative adsorp-
tion of H, involved with the correlation between the d-orbital of Pd and the s-orbital
of H, degrading the efficiency of the water-forming reaction. When the coverage of dis-
sociated H, on the Pd surface exceeds the threshold, spontaneous genesis of water film
(O,+2H,=2H,0) occurs at room temperature, experimentally proven under the criti-
cal pressure ratio of O,/H,<2.5 (Fig. 2a) [21]. However, for spatially H,-covered spots
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Fig. 2 Characterization of micron water bubble formation on Pd surface. a Schematic illustrations for
understanding the underlying mechanism of water bubble formation on Pd surfaces after H,/O, adsorption
undergoing the atomic-level catalytic reaction. b Top-view microscopic images and corresponding side-view
illustrations of PBVE-coated Pd surface under H, gas exposure at atmospheric condition. ¢ Concepts and
working principles of FLIC observation for micron water bubble formation at PBVE/Pd interface. d FL intensity
of micrograph monitored using FITC filter (100 s). @ Measured FL intensities from dashed lines of d (A: red,

B: sky-blue, and C: orange) with simulated FL curves (solid-lines) with respect to the h,, ., modulations. f FL
intensity-based simulation results of PBVE deformation by water bubble formation. Scale bar, 10 um
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surrounded by overwhelming O,-covered area, the water-forming reaction will occur
in the forms of ‘water bubbles’ discarding the possible scenarios of a nanometer-thick
water film and their successive growths via coalescence processes. In addition, the H,O
evaporation rate should be suppressed and minimized than the H,O generation rate to
maintain the pre-formed H,O bubbles. For this, the Pd surface was coated with a 180-
nm thick perfluoro-(butenyl vinyl ether) (PBVE) film as a sieve layer with selective
gas permeability only for O, and H, [25]. Oxygen permeability through a Pd-covering
PBVE membrane is essential to trigger the water-forming reaction. As a control experi-
ment, we compared the gas colorimetric behavior of another sample prepared using
O,-impermeable polymethyl methacrylate (PMMA) as a dielectric film. There were no
water bubbles under identical H, conditions, confirming the role of dielectric films in
water formation via selective gas permeability (Supplementary Fig. S1 and Supplemen-
tary Note 2).

To investigate the formation of water bubbles by H, adsorption at the PBVE/Pd inter-
face, a sample with PBVE/Pd/titanium (Ti) (180 nm/10 nm/10 nm) on a silicon (Si)
substrate was exposed to 10% H, in a gas chamber (N,:O,=4:1 as a carrier gas), and
the dynamic water bubbles formation was monitored in real-time under a microscope
(Fig. 2b). A Ti layer promoted adhesion between the PBVE and Pd films and suppress
abrupt phase change (from a to  phase) causing Pd film deformation such as peeling
and wrinkles [26]. Randomly positioned outbreaks and growth of micron H,O bub-
bles, followed by coalescence between neighboring bubbles, were observed (<130 s),
which varies from previous studies of nanometer-thick transient water generation with-
out a Pd-covering membrane [22, 23, 27]. After turning the H, supply off (>130 s), we
observed a gradual decrease in the water bubble volume and subsequent disappearance
(225 s) equal to the initial state (0 s).

Three-dimensional (3D) PBVE deformation during the water-forming reaction was
confirmed via fluorescence interference contrast microscopy (FLIC) [28]. For fluores-
cence (FL) visualization, a thin layer of calcein as the fluorescent dye was coated atop
the PBVE surface, followed by 10% H, exposure (Fig. 2c). Interference-assisted alterna-
tive bright/dark patterns arise from the vertical movement of the dyes, and fluorescein
isothiocyanate (FITC)-labelled calcein and the resultant fringe patterns allow an analysis
of the height of water bubbles (Fig. 2d and Supplementary Video 1). Figure 2e shows the
normalized FL intensities measured from Fig. 2d as a function of the water-bubble scan-
ning length with corresponding simulation results. The intensity profiles of the fringe
patterns along the dashed lines confirm that more fringes can be created as the exposure
time or H, concentration increases. Tracking FL molecules via simulations revealed that
the PBVE membrane swelling owing to the water bubble growth underneath the cal-
cein layer experienced a height alteration of 138 nm (red), 290 nm (blue), and 470 nm
(orange) during 100 s (Fig. 2e and f; Supplementary Fig. S2 and Supplementary Note 3).

Optical foggy effect by water bubbles induced light diffusion

This study realizes various color changes by reinforcing light-matter interactions
based on the volume change of the dielectric layer. To boost the light-matter interac-
tion, the FP resonator [29], underpinning the naked-eye observation of the water-
forming reaction, was adopted by depositing another Pd layer on the PBVE surface. A
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Fig. 3 Color change of Pd-PBVE-Pd etalon with varying H, concentration. a Schematic illustrations of FP
etalon prior to (left) and post to (right) the water bubble formation with resultant optical effect. b, ¢ SEM
images of the etalon sample. Top-view- (b) and pseudo-colored side view images (c) after focused ion beam
milling (red: epoxy coating layer, blue: PBVE). d Simulated reflection color gradient on the FP etalon with
different thicknesses of the PBVE, tyg¢. € Photographs of FP etalon on a 4-inch wafer under 10% H, showing
color reversibility at atmospheric condition. f Measured reflection spectra as a function of H, concentrations
(0-10%) at the red-dashed area of e. g Sampled reflection spectra (each color matches to dashed lines in f).
h Alteration of an amplitude of reflectance peak while varying H, concentration. i Repeatability test of FP
etalon undergoing H, exposure for 28 times over 2.5 h. Scale bar in d, 50 nm. Scale bar in ¢, 200 nm. Scale bar
ine, 2cm

metal-dielectric-metal (MDM) structure, known as the FP etalon, enables sensitive color
variations as a function of physicochemical properties, such as the thickness and refrac-
tive index (RI) of the dielectric layer [30—33]. Thus, their modulation induced by water
bubble formation and growth at the PBVE/Pd interface would cause a dramatic color
shift. In addition, hemispheric water bubbles may cause diffuse reflection of incident
light as they act as individual lenses (Fig. 3a).

Designing a perforated top metal layer with efficient transreflective characteristics is
essential for generating the FP resonating effect. Compared to other metal nanoparti-
cles having the optimum plasmonic enhancement in a few nano-meter size [34, 35], the
optimum deposition thickness of 15 nm with a volumetric filling fraction of 0.45 for the
nanoparticulated Pd layer was selected through experimental optimizations and a com-
putational simulation to advance the FP resonance effect for producing wider range of
color displays (Fig. S3 and Supplementary Note 4). The top-view (Fig. 3b) and side-view
(Fig. 3¢) scanning electron microscopy (SEM) images show that a 15-nm-thick Pd layer
was deposited on the PBVE film. The FP etalons on a 4-inch Si wafer with varying dielec-
tric PBVE thickness, fppyg, values from 0 to 590 nm at 10 nm intervals were controlled by

Page 6 of 15



Lee et al. PhotoniX

(2023) 4:20

a delicate plasma etching process, showing excellent correspondence in reflection color
trends with simulation results (Fig. 3d and e; Fig. S4 and Supplementary Note 5). The
tppye increases from the left-bottom corner (0 nm) to the upper-right corner (590 nm)
(Supplementary Fig. S4). Figure 3e shows that reflection colors of the FP etalon turn
discolored and eventually become foggy when exposed to 10% H, under atmospheric
conditions. As predicted in Fig. 3a, diffuse reflection due to newly formed micron-water
bubbles interrupts the FP resonance, thus resulting in foggy colors (bottom-right pho-
tograph of Fig. 3e, at 6 min), and this transition is fully reversible (Supplementary Video
2). After establishing that color transition occurs due to water bubble formation in the
dielectric layer, we quantified the critical gas values that trigger color transitions. The
reflectance spectra at the center yellow area (red-dashed square in Fig. 3e) were meas-
ured as H, concentration was gradually increased and decreased by 1% every 5 min
(Fig. 3f). When H, concentration reaches 7%, nearly corresponding to the critical ratio
of O,/H,=2.5, the waveform of reflectance over the visible range begins to flatten (low-
ering peaks and raising dips shown in Fig. 3g). Spectral peaks and dips also response to
H, concentration from 2—-6% with an average response time (ty, a time required to reach
90% of the saturated reflectance) of 28.7 s when both top and bottom Pd layers become
hydrogenated, but the calculated color difference (AE) is near 2.3 (just noticeable dif-
ference) (Fig. S5 and Supplementary Note 4) [36]. However, AE above 7% H, is greater
than 40, and the response time to reach AE=2.3 is less than 5 s under H, =4%, which is
known as a lower flammability limit [37].

Herein, several factors can be suggested to reduce the response time of Pd-based
hydrogen color detection. First, the Pd nanocrystals with a specific orientation can speed
up the absorption and dissociation of H, gas [38]. Second, alloying with sub-monolayer
amounts of gold (Au) nanoparticles can be effective method for increasing the rate of
hydrogen absorption kinetics by a factor of more than 40 when compared to pure Pd
system [39]. Finally, regarding that the absorption rate is highly dependent to the num-
ber of remaining adsorption sites [40], a combination of Pd with high hydrogen-accept-
able materials such as yttrium (Y) and magnesium (Mg) in the forms of composite thin
film can be an alternative strategy for improving absorption speed.

By plotting the peak reflectance around 400 nm wavelength depending on H, con-
centration (Fig. 3g), the water-forming reaction vigorously occurred from 7 to 8% and
then decreased from 4% (Fig. 3h). The rapid reduction in the peak reflectance over 7%
H, indicates that the water bubble formation and coalescence are instantaneously accel-
erated at around a critical ratio of 2.5. The slow recovery of the peak reflectance with
decreasing H, concentration is probably attributed to the thermodynamically unfavora-
ble desorption of H,O molecules at the Pd surface (endothermic transition from state
V to VI in Fig. 1b). At 4% H,, the recovery rate gradually increased because minuscule
water bubbles (bottom left photograph of Fig. 3e, at 16 min) only existed. An H, con-
centration-dependent change in the peak reflectance (lowering peaks and raising dips)
was continuously observed in multiple H, injection/purging cycles, demonstrating the
excellent repeatability (> 28 x) of our FP etalon, considering that typical metal-hydride-
assisted color displays showed limited (<20 x) operating cycling numbers (Fig. 3i) [41].
Additionally, no mechanical deformation of the device was observed irrespective of the

duration of the water-forming reaction (Fig. S6).
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Multichromatic change by the water-film formation and following whiteout effect

O,-predominated Pd surface promotes random water bubble formation under H, gas
exposure (Figs. 2 and 3). Figure 1 shows that the Pd-dominated gas can determine the
surface chemistry and resultant water formation types. We investigated the colorimet-
ric changes in the FP etalon after preparing the H,-predominated Pd surface before the
O, gas supply and examined whether such different surface properties promote distinct
forms of water products. In accordance with previous studies that a nanoscale water
film could be formed when a Pd surface is entirely preoccupied with H, before the O,
gas supply [23], the FP etalon was exposed to 10% H, for 5 min to induce full f-phase
Pd hydride (PdHy) and H,-predominated Pd surface (Fig. 4a) [42], followed by 20% O,

O source
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Water film
SRS

% 5.3 min after O, off

3.33 min after O, off
A
12 min (O, : 20%)

*

*10 min (O, : 18%)

0 min (O, : 0 %)

0
350 450 550 650 750
Wavelength (nm)
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Fig. 4 Multichromatic change and whiteout effect by water film formation. a Schematic illustrations
describing water-film formation on -phase PdHy surface. b Time-lapse photographs of the FP etalon under
10% H, followed by 20% O, exposure. ¢ Measured reflection spectra as a function of O, concentrations
(0-20%) at B-phase PdHy surface (red-dashed area of b). d Sampled reflection spectra (each color matches
to dashed lines in c). e CIE 1931 color map of the FP etalon depending on tgpye (400-1200 nm) (circles for
simulation and ‘X' for experimental results from d). Scale bar, 2 cm
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gas supply. The uniform formation of nano-water film at the PBVE/Pd interface is use-
ful in the optical interpretation since the RI of water (m=1.33-1.34 in the visible range)
is similar to that of PBVE (n=1.34 at 550 nm and 1.333 at 1.55 um). Thus, generating a
nanoscale water film underneath the PBVE layer can be simply interpreted as thickening
the dielectric layer of the FP etalon, enabling multichromatic changes as a function of
the water film thickness. Figure 4b shows reversible and drastic color changes in the 10%
H, pre-exposed etalon under 20% O, gas exposure. Compared with the color changes
above (Fig. 3), a rapid and dramatic color change was observed, producing an exotic
optical whiteout effect in 10 min. In addition, reversible color recovery was completed
within 20 min after cutting off the O, supply.

To elucidate the water-film thickness-based color variation on the FP etalon, we ana-
lyzed the time-lapse spectra at the center yellow area (red-dashed squares in Fig. 4b) with
increasing O, concentrations up to 20% by 2% every 1 min (Fig. 4c and Supplementary
Video 3). The red shift of the measured waveform was initiated at 12% O, concentration
(8 min) and maximum before the gas cut-off (12 min). The red shift in the visible range
is attributed to the increased effective thickness of the dielectric film (PBVE + water).
A simulation was conducted by varying fieectric t0 confirm the effect of dielectric film
thickening on the color shift of the FP etalon (Supplementary Fig. S7 and Supplementary
Note 6). Simulations verified that the measured spectral shifts arose from the dielectric
thickening effect, that is, additional H,O film formation below the PBVE layer. The sec-
ond resonance peaks (Fig. 4d), extracted from the reflection spectra (Fig. 4c), show not
only a red shift but also an overall decrease in magnitude (Fig. 4d). From an optical anal-
ysis perspective, the thickening of the dielectric film caused the coexistence of higher-
order resonances in the visible range, resulting in the whiteout of the FP etalon (Fig. 4e).

Scalable and transparent display for gas detector via water-forming reaction
Implementing the water-forming reaction at the gas-permeable polymeric membrane
and Pd interface can cause substantial innovations in various hydrogen applications.
Forthcoming commercial coloration device technology must fulfil both aesthetic ele-
ments and outstanding performance and must be prepared in a facile fabrication process
over various solid supports (such as a transparent and flexible substrate) in a scalable
manner. Furthermore, it would be beneficial if the MDM could comprise various dielec-
tric and metal components with identical functions. Respectively, our proposed technol-
ogy can realize various theme colors by simply controlling the thickness of the metal
and polymer layers. Furthermore, delicate and aesthetic drawings or patterns of a few
microns can be easily fabricated via compatible semiconductor processes, meeting
demanding industrial needs with high prospects for commercialization and technologi-
cal standardization.

By depositing all metal layers through a shadow mask, a flower-patterned etalon
(f-etalon) was prepared on a 2.5 cm x 2.5 cm glass substrate (Fig. 5a). Because Zy;qjecric
determines the overall reflection colors, spatially selective PBVE etching by the RIE process
produces a wide color range of flower patterns (Fig. 5b and Supplementary Fig. S8). The top
Pd, as a trans-reflective layer, can be replaced by other perforated metal films, including
Au or silver (Ag), as they maintain color changes by the water-forming reaction (Supple-
mentary Fig. S9). However, we choose the top Pd metal for its enhanced sensitivity on H,
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Fig. 5 Patterned FP etalon on transparent substrate for H, leakage warning display. a, b Schematic layer
description (a) and photograph (b) of 12 fabricated f-etalon samples on glass substrate. ¢ Photographs
of the sample with Ag top film displaying color variation in response to different gas composition. d
Angle-dependent color variation and foggy effect under H, exposure. e, f Scheme of f-etalon on glass
applied for H, leakage warning window (e) and its demonstration in a miniaturized H, storage facility (f).
Scale bars, 1 cm

detection below 7% H, (Figs. S5 and S10). For accomplishing water-forming-assisted color
changes, a perforated top metal film is essential because the opening at the top metal lay-
ers allows gas to penetrate across the top metal layer. Figure 5c represents that the optical
foggy effect (upper line; Fig. 5¢) and whiteout effect (bottom line; Fig. 5¢) were still available
in the f-etalon havingl0-nm-thick Ag top metal, compared with the same color-changing
behavior at the f-etalon with 10-nm-thick top Pd. For instance, the reference color of the
f-etalon (red square of yellowish flower petals in Fig. 5¢c) gradually faded and then shrouded
by a pale gray color at 600 s (foggy effect). Meanwhile, the yellow color of the identical zone
turned white within 240 s (whiteout effect) after O, injection (Supplementary Video 4).

Structural color intrinsically produces angle-dependent color variation due to its
increased optical path length in the resonating dielectric film. The etalon color varied with
increasing viewing angle (from 0° to 75°), resembling the effect of thickening the optical
cavity. Because the diffuse reflection by water bubbles is angle-independent, the foggy effect
can occur at any viewing angle (Fig. 5d), making the proposed etalon structure applicable to
gas leakage warning smart windows. As schematically demonstrated in Fig. 5e, the f-etal-
ons installed in a hydrogen gas storage facility can instinctively recognize the leakage of H,
gas by dimming the original colors of the flower patterns. This scenario was demonstrated
using an actual miniature model by placing four f-etalon samples inside a miniature gas
tank storage room (Fig. 5f and Supplementary Video 5).

Conclusion
Water-forming reactions and O, species in the air have been considered as interrupting
side reactions and impurities to avoid H, storage and sensing technologies [43]. Here,

these unwanted phenomena were applied to make the molecular reaction of H, and O,
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visible by transducing the gas-matter reaction into light-matter interactions over the
Pd catalyst. In the transducing process, the formation of an H,O film at the PBVE/Pd
interface is critical in dynamic coloration as it determines the overall Z;jo.ic COnstant.
Previous reports demonstrated simultaneous generation and subsequent nanoscale H,O
products using electro-potential devices [22. 23]. Recently, optical monitoring of such
H,O films and their 2-dimensional growth were imaged between a vitreous silicon diox-
ide (SiO,) bilayer and ruthenium [44]. However, observation of the local position and
growth rates of H,O film formation is prohibited, eliminating any possible measurement
for quantitative analysis of the transition metals.

Thus, the strategic passivation of deformable PBVE films over bottom Pd metals allows
H,O products to accumulate at the microscopic level via successive growth or coales-
cence processes. The selection of a gas-permeable polymer membrane as a dielectric
film plays multifunctional roles: i) a physical layer retarding H,O evaporation once they
are generated at the PBVE/Pd interface, ii) a dielectric layer allowing transmission of
the incident light, and iii) reliable detection performance even in a humid environment
which is one of the chronic hurdles of electrically biased H, sensors [45]. Applying a per-
forated top metal film is essential for creating structural colors by its efficient transre-
flective characteristic yielding the FP resonating effect and for allowing gas penetration
through the nano-apertures of the metal film. There was no color change under H,/O,
exposure when the top Pd was nanohole-less, which confirms that the perforated metal
film is key for dynamic coloration, as it allows gas reactants and products to cross the
metal film (Supplementary Fig. S3 and S9).

Leveraging the underlying principle of the FP resonator, the in situ tracking of different
types of H,O products was optically realized via gas stimulus-induced dynamic optical
coloration. Based on the color variation as a function of dielectric changes, we experi-
mentally observed exotic optical phenomena: the water bubble-assisted ‘optical foggy
effect’ and the water film-assisted ‘optical whiteout effect. Quantitative analysis of H,O
production/desorption has been achieved only by mass spectrometry [46]. But no fur-
ther information has been provided, such as tracking chemical reaction pathways. Our
dynamic optical coloration technology provides information on how H, and O, react at
the PBVE/Pd interface and allows the tracking of gas-matter physical/chemical interac-
tion behaviors using simple spectroscopy and naked-eye monitoring methods.

Hydrogenation has been investigated using diverse materials to realize repeatable and
reliable coloration devices. Mg or Y, as representative hydrogen absorbents, showed
phase transformation from the metallic phase to dielectric MgH, or YH,, as it pro-
motes dynamic plasmonic coloration with remarkable variations in reflectance spectra
[37, 47]. However, these coloration techniques are highly dependent on material prop-
erties and have insuperable disadvantages such as low switching speed, inferior color
tunability, and low color efficiency. Although the induced phase change of the gas-sen-
sitive Mg-assisted FP etalon is the most sophisticated and advanced dynamic coloration
technology to date, it still suffers from material stability and safety issues when exposed
to moisture (humid environment) which is crucial for industrial applications. Addition-
ally, it ignites and emits combustible gases (such as magnesium nitride) or flashes with
intense ultraviolet rays, which can be fatal to humans. Moreover, Mg can ignite when
in contact with silica, complicating Mg use as a color display that uses SiO, substrates.
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Thus, Y can be used as an alternative gas absorbent at room temperature. However,
Mg and Y require the additional deposition of Pd or platinum catalyst layers to com-
plement their deficient hydrogen adsorption/dissociation properties. Frank et al. also
reported restricted cycling numbers (<20 times) of metal hydride-based dynamic color
tunings [41]. Unlike any other dynamic color tuning strategy using metal hydride-based
reports, our FP etalon shows superior stability (>28 times, as shown in Fig. 3i) of the
device structures. The advanced repetition without active metal damage is because the
color change did not originate from the direct reaction of the Pd/PdHy transition but
the water-forming reaction at the PBVE/Pd interfaces. Furthermore, Pd nanoparticles
have been combined with Au nanoparticles to apply their plasmonic effect in hydrogen
sensing. Differ from them, the larger resonance shifts up to 300 nm enable us to realize
an eye-readable colorimetric sensor that operates even in the real-world environments
where O, is present, as compared to higher-sensitive hydrogen sensors that work under
restricted measurement conditions [48, 49].

Overall, employing the colorimetric display for monitoring different chemical reac-
tions at catalytic interfaces creates numerous opportunities to clarify the underlying
physics, chemistry, and applied surface chemistry assisted by optoelectronic nanostruc-
tures. For example, the advanced photonic measurement for the ‘membrane permeabil-
ity test’ of polymers of interest. Without state-of-the-art imaging instruments, we can
simply monitor the pathway solely on color variation. Smart windows for air quality
monitoring or gas leaking warning displays can be other applicable areas as they meet
industrial needs owing to their scalable and simple fabrication process with diverse solid
supports and various metal selections.

Methods

Fabrication of FP etalon substrates

On a Si wafer, a 10 nm Ti adhesion layer and 10 nm Pd layer were subsequently depos-
ited using a thermal evaporator (MHS-1800, Muhan; 1077 Torr; 3.0 A/s). A PBVE poly-
mer mixture was prepared by diluting 9.0 wt.% PBVE polymer (Chromis Technologies,
USA) in a fluoro-solvent (FC-43, Chromis Technologies, USA) to obtain 6.0 wt.%, and
then spin-coated on the Pd surface at 900 rpm for 30 s. To eliminate air bubbles inside
the mixture, it was placed at room temperature for 1 h and baked on a hotplate at 50 °C,
80 °C, and 180 °C for 1 h each in order, resulting in a 590 nm thick PBVE layer. The poly-
mer layer was delicately etched using RIE (RIE 80 plus, Oxford Instrument) to modify
the thicknesses of the different colors. Spatially selective etching process was achieved
using an information-perforated shadow mask at an etching rate of ~ 3.5 nm-s~!
(5 x 1072 Torr pressure, RF power of 3 W, and O, gas flow rate of 10 sccm). Before top
Pd deposition, the high surface energy of the PBVE film was relieved by annealing at
180 °C for 30 min. Subsequently, 15 nm of the top Pd layer was thermally deposited on
the PBVE film.

FLIC pattern analysis and thickness simulation

To uniformly cover the PBVE with a thin calcein layer, O, plasma surface treatment
(CUTE, Femto Science, Korea) was applied to enhance the surface energy. Then,
6.4 x 10~ M of calcein (TCI) dissolved in dimethyl sulfoxide (Sigma-Aldrich) was then

Page 12 of 15



Lee et al. PhotoniX

(2023) 4:20

spin-coated on the PBVE surface at 4500 rpm for 60 s, followed by N, blow drying.
While a gas mixture of 10% of H, and 20% of O, in N, carrier gas was supplied to the gas
chamber, the fringe patterns on the sample surface were monitored with a microscope
using FITC filters. Fluorescence intensity profiles were measured to examine the water
bubble height. Further details on the bubble height simulation are provided in Supple-
mentary Note 3.

Gas control and optical analysis

To control the H, concentration, a mass flow controller (MFC) was used for each gas.
To realize the atmospheric conditions, a 1:4 ratio of O, and N, was maintained for the
carrier gas. The experimental setup is shown in Supplementary Fig. S8. The outlet of
the chamber was connected to a hydrogen concentration analyzer (EN-600, Shanghai
ENCEL Instrument Co., Ltd.) to monitor the real-time H, concentration inside the
chamber. The reflectance spectrum was measured using ultraviolet—visible spectroscopy
(USB4000-UV-VIS, Ocean Optics) with normal incident white light (DH-MINI, Ocean
Optics) and a reflection probe (R400-7-SR, Ocean Optics).

Abbreviations

DFT Density functional theory

FP Fabry-Perot

PBVE Perfluoro-(butenyl vinyl ether)
PMMA Polymethyl methacrylate

FLIC Fluorescence interference contrast microscopy
FL Fluorescence

FITC Fluorescein isothiocyanate
MDM Metal-dielectric-metal

RI Refractive index

SEM Scanning electron microscopy
RIE Reactive ion etching

MFC Mass flow controller
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