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This work reports a bioinspired three-dimensional (3D) heterogeneous structure for optical hydrogen gas (H,)
sensing. The structure was fabricated by selective modification of the photonic architectures of Morpho
butterfly wing scales with Pd nanostrips. The coupling of the plasmonic mode of the Pd nanostrips with the
optical resonant mode of the Morpho biophotonic architectures generated a sharp reflectance peak in the
spectra of the Pd-modified butterfly wing, as well as enhancement of light—-matter interaction in Pd
nanostrips. Exposure to H, resulted in a rapid reversible increase in the reflectance of the Pd-modified
butterfly wing, and the pronounced response of the reflectance was at the wavelength where the
plasmonic mode strongly interplayed with the optical resonant mode. Owing to the synergetic effect of Pd
nanostrips and biophotonic structures, the bioinspired sensor achieved an H, detection limit of less than
10 ppm. Besides, the Pd-modified butterfly wing also exhibited good sensing repeatability. The results
suggest that this approach provides a promising optical H, sensing scheme, which may also offer the
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Hydrogen gas (H,) is widely used in many industrial processes
and also considered as a sustainable and environmentally
friendly energy source that holds promise as a replacement for
fossil fuels.™ H,, however, is highly volatile with a low flam-
mability point of ~4 vol% in air, which gives rise to risk of
explosion. Due to the colorless and odorless nature of H,,
accurate and sensitive H, sensors with rapid response are
highly demanded for leakage detection in various applications.’
Palladium (Pd) can rapidly absorb large amounts of H, into
its crystal lattice and form palladium hydride reversibly under
ambient conditions, which induces expansion as well as
changes in electrical and dielectric properties.** Therefore, Pd
is considered as an effective H, sensing material. A large
number of H, sensors, typically including electrical and optical
ones, have been demonstrated by employing Pd as the active
material.*** Compared with electrical H, sensors, optical
sensors have particular advantages in practical applications
since they are immune to electromagnetic interference and also
inherently safe as no electric spark can be generated.'**
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potential design of new nanoengineered structures for diverse sensing applications.

In recent years, intensive researches have been conducted to
develop optical H, sensors with Pd nanostructures, which offer
the potential of miniaturization and the fast reaction kinetics
originated from the short diffusion lengths for H atoms.**"*° Pd
nanostructure strongly interacts with light and shows
intriguing optical phenomenon due to the localized surface
plasmon resonance (LSPR). Such LSPR is associated with the
resonant excitation of collective oscillations of the free electrons
by incident light and can generate large electromagnetic field
confinement at nanometer scale.”* The position and intensity of
the plasmon resonance peak of Pd nanostructure change with
the hydrogen-induced changes of volume and dielectric prop-
erty, which can be used for the readout of the direct nano-
plasmonic sensing scheme.”*** Nevertheless, the sensing
performance of those plasmonic H, sensors is restrained from
a fundamental limitation, in which the LSPR of Pd nano-
structure generally exhibits broad resonance peak owing to the
interband electronic transitions.>>>® To overcome this problem,
several efforts have been devoted to achieve other possible
sensing schemes containing Pd nanostructures. For instance,
H, sensor based on perfect absorption in the visible wavelength
range was designed, utilizing a coupled plasmonic system that
consisted of Pd nanowires arranged on the top of a thick gold
(Au) film separated with a spacer layer of MgF,.”” Indirect LSPR
sensors were proposed by precisely placing Pd nanoparticles
(NPs) in the vicinity of other metallic NPs that possessed
superior LSPR properties and acted as optical antennas to
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enhance the response of Pd NPs in the stimulation with H,.>*>
Besides, some Au-Pd core-shell nanostructures with various
morphologies have also been synthesized through wet chem-
istry methods in order to take advantage of the local field
enhancement of Au core to improve the optical response to
H2.33_37

Here we explored a different H, sensing approach that is based
on three-dimensional (3D) photonic architectures of the Morpho
butterfly wing scales modified by Pd nanostructures, as shown in
Fig. 1. The iridescent scales of Morpho butterfly wing have unique
multilayered air-chitin structures and produce a sharp reflectance
peak in the blue region of the spectrum. Such structures have been
demonstrated in many high-performance optical sensors.**** We
take advantage of the narrow-band resonance and sensitive feature
of the photonic crystal to facilitate H, sensing through incorpo-
rating Pd nanostructures into such biological photonic crystal
structures. Specifically, the 3D heterogeneous structures of Morpho
butterfly wing containing Pd nanostrips distributed on the edge
portion of the lamella layers of the wing scale were generated
through physical vapor deposition (PVD) of Pd (Fig. 1). Owing to
coupling between the plasmonic mode of Pd nanostrips and the
optical resonant mode of the biophotonic nanostructures, the Pd-
modified butterfly scales showed a sharp reflection peak, and
light-matter interaction in Pd nanostructure was enhanced. We
demonstrated that the synergetic effect of Pd nanostrips and bio-
photonic structures played a role in H, sensing, which resulted in
the sensitive response of the Pd-modified butterfly scales upon
exposure to H,. This work should provide some stimulation for the
design of sensing platforms that combine plasmonic nano-
structures with photonic crystals.

The Morpho sulkowskyi butterfly was chosen as model for the
fabrication of H, sensing platform. As shown in Fig. 2a, the
Morpho butterfly wing displays brilliant blue iridescence origi-
nated from the elaborate hierarchical photonic structures of the
scales. The scales are regularly arranged on the wing surface, as

Light
source
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Pd nanostrip

Fig. 1 Schematic illustration showing optical H, sensing based on the
3D heterogeneous structures that are consisted of Pd nanostrips and
the photonic architectures of the Morpho butterfly wing scales.
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Fig. 2 Morphologies and structures of the Morpho butterfly wing
before and after selective modification with Pd. (a) The photo of the
Morpho sulkowskyi butterfly. (b) Optical microscopy image of the
stacked scales on the wing surface. (c) SEM image of a single butterfly
wing scale supported on a silicon substrate. (d) Top SEM view of the
photonic architecture of the scale. The inset figure is a high magnifi-
cation SEM showing the multilayered lamella structures. (e) TEM image
of a transverse section of the scale showing ridges with lamella
structures. (f) TEM image showing the selectively modified ridges,
where the edge of each lamella was coated with Pd nanostrip.

presented in Fig. 2b. They are ~200 pm in length and ~50 pm in
width (Fig. 2c). On each scale, there are ordered arrays of ridges
running along the longitudinal direction and adjacent ridges
are connected each other by cross-ribs in the transversal
direction, as presented in Fig. 2d. The high magnification
scanning electron microscopy (SEM) image in the inset of
Fig. 2d shows that the ridges contain multilayered lamellae
folds. The details of the multilayered structures are shown by
a cross-section transmission electron microscopy (TEM) image
of ridges in Fig. 2e, which reveals the Christmas tree-like
structures. A stem with width of 50-120 nm stands at the
middle of each ridge. Approximately eight lamellae that are
separated by air decorate at both sides of the stem, with the
width of lamella gradually decreasing from the bottom to the
top of the stem. The average thicknesses of lamella and the
spacing between the lamella are ~65 nm and ~150 nm,
respectively. Multilayer interference of light from the lamella
layers, in combination with the light diffraction from the arrays
of the ridges, contributes to the iridescence color appearance of
the butterfly wing.*>** We used the PVD method to deposit Pd
coating on the butterfly wing structures. Considering the
formation of the continuous coating and the response time of
the 3D structure, we set the thickness of the Pd coating at
15 nm. During the deposition of Pd, the butterfly wing was
placed directly under a Pd source so that the Pd coating was
deposited vertically onto the butterfly wing structures. After
coating the Pd layer, the edge portions of the lamellae were
covered with Pd, resulted in selective modification of photonic
structures of butterfly wing scales with Pd nanostrips, as shown
in Fig. 2f and S1.1

We investigated the optical reflectance of the Pd-modified
butterfly wing at normal incidence. Compared with the reflec-
tance spectra of original scales, the reflectance of Pd-modified
butterfly wing scales with a Pd layer of about 15 nm in thick-
ness exhibited a main peak, which underwent blue shift from
~485 nm to ~460 nm and also showed smaller full width at half
maximum than the original scales, as shown in Fig. 3a and b.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Optical properties of the original butterfly wing scales and the modified scales with Pd nanostrips. (a) Measured reflectance spectra of the
original Morpho butterfly wing. (b) Measured reflectance spectra of the modified butterfly wing scales with Pd nanostrips. (c) Calculated
reflectance spectra of the original Morpho butterfly scales. (d) Calculated reflectance spectra of Pd-modified butterfly scales. (e) The simulated
electric field distribution at the wavelength of 500 nm showing the enhanced light—matter interaction in the Pd nanostrips distributed in the

butterfly wing structures.

Moreover, decorating of the Morpho scales with Pd nanostrips
produced a decrease in the reflectance along with a minor peak
at the wavelength near the violet end of the reflection spectra as
well as a weak peak at ~560 nm. These spectral changes were
most likely due to the interaction of the reflection band origi-
nated from butterfly wing structures with the plasmonic
absorption from the Pd nanostrips on the wing structures. In
order to study this optical interaction, the reflectance spectra
for the original butterfly structures and the butterfly structures
decorated with Pd nanostrips were calculated through finite-
difference time-domain (FDTD) methods, as presented in
Fig. 3c and d, respectively. The simulated reflectance spectra
exhibited good matching with the corresponding experimental
results. We also performed simulations to separately analyze
the plasmonic absorption of Pd nanostrips, as shown in
Fig. S2.1 The calculated absorption cross-section revealed the
broad plasmonic absorption band of Pd nanostrip, which
overlaps with the reflection band of butterfly wing structures.
Besides, we computed the electric-field distributions of the Pd
nanostrips on a planar dielectric substrate (Fig. S31) and the
butterfly wing structures with Pd nanostrips (Fig. 3e) at reso-
nance, respectively. The light was concentrated at the tips of the
Pd nanostrips and larger enhancement was observed in the case
of the Pd nanostrips distributed in the butterfly wing structures,
which indicated that the interaction of light with Pd nanostrips
were enhanced by coupling to the optical cavity of Morpho
butterfly scales. As such, the plasmonic mode of Pd nano-
structures could effectively interplay with resonant mode of the
biophotonic nanostructures, which thus was expected to
enhance the sensitivity in H, sensing.

To examine the response of Pd-modified butterfly wing
scales to the exposure of H,, the butterfly wing sample was

This journal is © The Royal Society of Chemistry 2018

placed in a glass chamber with an optical fiber mounted
through the top hatch at room temperature, as shown in
Fig. S4.1 The chamber was connected to a gas inlet channel for
H, and nitrogen (N,) carrier gas that were premixed before
flowing into the chamber. The concentration of H, was regu-
lated through changing the gas flow of N, and H, with two mass
flow controllers. We recorded the reflectance spectra of the
sample at different H, concentrations. To evaluate the changes
in reflectance spectra following H, exposures, we calculated the
relative reflectance AR(2) according to**

AR(2) = 100% x [R(A)/Ro(A)] (1)
where Ry(4) is the spectrum collected from the Pd-modified
butterfly wing scales in pure N, and R(1) is the spectrum
collected upon exposure to H, in N, carrier gas.

Fig. 4a showed relative reflectance of the Pd-modified
butterfly wing scales with respect to different H, concentra-
tions over a range from 0.001% to 4%. Exposure to H, caused
the reflectance increase, and the pronounced AR response was
over the wavelength region of 400-550 nm, which took place in
the same wavelength range of the strong interaction between
the plasmonic mode of Pd nanostructures and resonant mode
of the biophotonic nanostructures. The reflectance of the orig-
inal Morpho butterfly wing scales with respect to different H,
concentrations over a range from 0.1% to 4% also was
measured, which suggested that there was no obvious response
(Fig. S57). In the presence of H,, the Pd nanostrips dissociated
H, molecules and absorbed the H atoms to form Pd hydride,
typically accompanied by lattice expansion and the change of
dielectric properties to less metallic. As a result, the plasmonic
absorption of the Pd nanostrip was altered and the spectral
variations of the heterogeneous structures were induced. The

RSC Adv., 2018, 8, 32395-32400 | 32397
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Fig. 4 Response of the Pd-modified photonic architectures to H, gas.
(a) Relative reflectance measured in different H, concentrations. (b)
The simulated relative reflectance of the Pd-modified butterfly scales
due to expansion and change in dielectric function when Pd is con-
verted into B-PdH,. (c) Normalized reflectance change at wavelength
of 500 nm in different H, concentrations showing a detection limit
below 10 ppm. (d) Normalized reflectance change at wavelength of
500 nm in different H, concentrations from 0.1% to 4%.

increase in the reflectance response of the Pd-modified butterfly
wing was observed with the increase in H, concentration, which
was attributed to the larger change of dielectric function and
volume expansion.

To further understand the sensing mechanism, we carried out
simulations to compare the reflectance of Pd-modified butterfly
scales as well as the Pd nanostrips on a planar dielectric substrate
before and after H, uptake, as shown in Fig. 4b and S6. For
simplicity, we assumed that the Pd was completely converted into
B-phase (B-PdH,) after the exposure of H, gas. In the simulations,
we examined the contributions of two factors: volume expansion
and the change in dielectric function. The volume expansion of Pd
nanostrips alone led to a little decrease in the AR(2) spectra of the
heterogeneous structures over the short-wavelength range and
slight increase over the long-wavelength range. The change in
dielectric function led to a clear increase in the AR(}) spectra over
the 430-510 nm. The calculated results of the combined effects of
volume expansion and the change in dielectric function suggested
that the change of dielectric function has more influence on the
optical response of the Pd-modified biophotonic structures. The
calculated AR(2) spectra in Fig. 4b are in general agreement with
the experimental spectra (Fig. 4a). The pronounced feature in
calculated and experimental spectra was the increase in the AR(2)
spectra over the wavelength range of the strong interaction
between the plasmonic mode and the resonant mode of the bio-
photonic nanostructures.

The dynamic change of reflectance for the Pd-modified
butterfly wing sample at the wavelength of 500 nm were
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shown in Fig. 4c and d. The optical response clearly showed the
dependence on the H, concentration. For comparison, the
temporal reflectance was normalized to the reflectance of the
sample in pure N,. As the concentration of H, increased, the
normalized reflectance at wavelength of 500 nm increased, and
the sensor exhibited a lowest detectable response at concen-
trations of 10 ppm. The low noise level relative to the response
indicated a detection limit less than 10 ppm, which is among
the lowest detection limit for optical H, sensing based on
plasmonic Pd nanostructures.’>**** The high sensitivity of the
Pd-modified butterfly wing scales mainly arose from the
synergetic effect between Pd nanostrips and biophotonic
structures.

Furthermore, the reflectance change at the wavelength of
500 nm as a function of H, concentration in the range from
0.001% to 4% suggested a positive relationship (Fig. 5a). It is
worth to note that a linear relationship between the reflectance
change and the H, concentrations was observed within the high
concentration range from 0.75% to 4% (inset of Fig. 5a), which is
approximately corresponding to the regimes of mixed o + B-phase
and the B-phase Pd hydride.*** We also measured the response
time of the Pd-modified butterfly wing scales at different H,
concentrations (Fig. 5b). The response time was defined as the
time needed to reach 90% of the equilibrium AR. As depicted in
Fig. 5b, when H, concentration increased, the response time
decreased first, and then gradually became relatively stable. The
observed response time is within the range of response time re-
ported so far.?”** The sensing speed could be further improved by
using different materials such as the Pd alloys.*

In addition, we monitored the optical response of our sensor
during five on/off H, cycles at the concentration of 0.5% and
1%, respectively. The temporal response of normalized reflec-
tance at the wavelength of 500 nm was shown in Fig. 5c. The Pd-
modified butterfly wing scales exhibited a rather consistent
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Fig. 5 Sensing performance of the Pd-modified Morpho butterfly scales
to Ha. (a) The plot showing relative reflectance at wavelength of 500 nm
for different H, concentrations. The inset figure shows a good linear
relation between the relative reflectance and the H, concentration at the
range of 0.75-4%. (b) The response time for different H, concentrations.
(c) Five cycles of H, exposure for concentrations of 0.5% and 1%.
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response for each repeated cycle, which suggested a good
repeatability and stability of H, sensing.

For investigation of the selective response of the Pd-modified
Morpho butterfly wing scales, the relative reflectances upon
exposure to H, and several potential interfering gases,
including O,, CO,, and CH, were compared, as shown in
Fig. S7.17 The responses from the interfering gases were much
less than that observed for H, at similar concentration, indi-
cating that the 3D heterogeneous structure has a little cross-
sensitivity to these interfering gases.

Conclusions

In summary, we presented a bioinspired 3D heterogeneous
structure that was achieved by selectively modification of Morpho
butterfly wing scales with Pd for sensitive H, sensing at room
temperature. The plasmonic mode in Pd nanostrips was effec-
tively coupled with the optical resonant mode of the biophotonic
nanostructures in the as-fabricated Pd-modified butterfly wing
scales, which produced a sharp major peak in reflectance spectra
and yielded an enhancement of light interaction with Pd nano-
strips. Both the experiments and simulations demonstrated that
the pronounced response of the reflectance spectra to the expo-
sure of H, was occurred over the wavelength range of the strong
interplay between the plasmonic mode and the optical resonant
mode. Due to the synergetic effect of Pd nanostrips and bio-
photonic structures, the Pd-modified butterfly scales exhibited
high sensitivity to H, with a detection limit below 10 ppm.
Besides, the fabricated optical H, sensor also showed fast
response and good repeatability. The bioinspired H, sensing
system, which is based on the combination of plasmonic nano-
structures with photonic crystal structures, not only provides
a promising approach for high-performance optical H, sensor,
but also offers a strategy of developing future nanoengineered
structures for various sensing applications.
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