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ABSTRACT: This study proposes a reliable and self-powered \
hydrogen (H,) gas sensor composed of a chemo-mechanically ::,',Zgﬁ:ﬁ,,gmm'
operating nanostructured film and photovoltaic cell. Specifically,

the nanostructured film has a configuration in which an
asymmetrically coated palladium (Pd) film is coated on a periodic
polyurethane acrylate (PUA) nanograting. The asymmetric Pd
nanostructures, optimized by a finite element method simulation,
swell upon reacting with H, and thereby bend the PUA
nanograting, changing the amount of transmitted light and the
current output of the photovoltaic cell. Since the degree of
warping is determined by the concentration of H, gas, a wide
concentration range of H, (0.1—4.0%) can be detected by
measuring the self-generated electrical current of the photovoltaic
cell without external power. The normalized output current
changes are ~1.5%, ~2.8%, ~3.5%, ~5.0%, ~21.5%, and 25.3% when the concentrations of H, gas are 0.1%, 0.5%, 1.0%, 1.6%,
2%, and 4%, respectively. Moreover, because Pd is highly chemically reactive to H, and also because there is no electrical
current applied through Pd, the proposed sensor can avoid device failure due to the breakage of the Pd sensing material,
resulting in high reliability, and can show high selectivity against various gases such as carbon monoxide, hydrogen sulfide,
nitrogen dioxide, and water vapor. Finally, using only ambient visible light, the sensor was modularized to produce an alarm in
the presence of H, gas, verifying a potential always-on H, gas monitoring application.
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Existing gas sensors include catalytic combustion sensors,''
optical sensors,'” chemo-resistive sensors,”'*~'? etc. Catalytic
combustion types require a heat source for gas detection because
they operate in response to the combustion of a target gas with
the help of catalysts, and thus they consume relatively large
electrical power.””>" For these reasons, optical-type H, gas

ecently, hydrogen (H,) has attracted great attention in
Rthe energy and environmental fields because it can be
used as an efficient energy storage method with high-
energy density, cleanliness, and ease of distribution."” H, gas is
also used in various industrial applications, including petroleum

and glass refining, semiconductor and pharmaceutical manu-

facturing, H,-cooled systems, and metallurgic processes.’ °

Although H, gas can be used in many industrial applications and
fuel cells, its leakage needs to be continuously monitored
because the colorless and odorless H, gas has a low explosive
limit of 4% at room temperature.” '’ Therefore, H, gas sensors
with high response, high selectivity, low cost, low power
consumption, and high reliability are essential to ensure the
safety of H, gas, with power consumption and reliability being
the most important concerns for continuous sensor operation.
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sensors have the advantage of low electrical power consumption
because they respond to changes in the optical properties
induced by the gas reactions; however, they absolutely require a
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Figure 1. (a) Schematic illustration of the self-powered H, gas sensor structure and (b) H, gas detection principle according to volume
expansion of Pd on the PUA nanograting. (c) FEM simulation results for Pd-PUA nanograting film by volumetric expansion of Pd in (i) 0.5%
and (ii) 2% H, gas environments. (iii) The rate of change in the Pd gap of the Pd-PUA nanograting film (IAw/wyl) according to the
concentration of H, gas. (d) Optical image of fabricated self-powered H, gassensor. (e¢) SEM images of Pd-PUA nanograting film. Top and

cross-sectional images are in upper and lower panels, respectively.

separate light source and photodetector, making the total system
size large. This size issue prevents the use of optical H, sensors in
various mobile applications. In contrast, chemo-resistive-type
sensors (metal oxide, carbon nanotube, conductive polymer,
metal, etc.) have been widely used because of their compact size,
simple operation principle, low cost, and high response.”**~*
Moreover, recent advances in chemo-resistive sensors that
exploit micro-electromechanical systems (MEMS) platforms
have significantly reduced the electrical power consump-
tion.”””® Nevertheless, their manufacturing process is very
complicated, and the power consumption is still at several mW.

As reliable and power-efficient H, sensors with high
scalability, palladium (Pd)-based chemo-resistive sensors have
attracted much attention because they are able to selectively
detect H, gas at room temperature.”>”” When H, gas molecules
come in contact with Pd, H, is divided into hydrogen atoms on
the surface of the Pd metal and enters into the Pd lattice to form
PdH,.""****! This phenomenon causes both a change in the
electrical resistance and volume expansion of the Pd.*” Although
Pd-based chemo-resistive gas sensors have significantly reduced
electrical power consumption, electrical power is still necessary
for the sensor operation. Thus, the use of Pd sensors in diverse
applications that require the continuous monitoring of H, gas is
still limited (Supporting Information, Table S1). More
importantly, repeated reactions of Pd with H, can generate
mechanical fractures and electrical shortages due to volumetric
expansion and electro-migration at grain boundaries, which
result in poor sensor reliability.””>® Therefore, an ultralow-
power and reliable H, sensor must be developed to ensure
constant monitoring and safe use of H, gas.

This article presents a reliable and self-powered H, sensor that
employs a chemo-mechanically operated Pd-polymer nano-
grating film combined with a photovoltaic cell. This sensor can
detect H, gas by detecting changes of the optical transparency
through the nanograting film caused by mechanical deformation
of the Pd-polyurethane acrylate (PUA) nanograting when it is
exposed to the H, gas. Most importantly, the proposed gas
sensor can be self-powered without an additional external power
source for H, gas detection, unlike conventional sensors such as
catalytic combustion sensors, optical sensors, and chemo-
resistive sensors. This is because not only the proposed sensor
generates a current output depending on the H, gas
concentration but also the electric current generated by the
photovoltaic cell can be used as the power source. To optimize
the sensor performance, the most favorable deposition angle and
thickness of Pd were studied by finite element method (FEM)
simulation and experiments. The fabricated sensor was capable
of sensing H, gas in a wide concentration range (from 0.1 to 4%)
and exhibited highly stable and repeatable gas sensing
performance over 125 cycles up to a concentration of 2% H,.
Moreover, the sensor shows a high selectivity to H, gas against
carbon monoxide (CO), hydrogen sulfide (H,S), and nitrogen
dioxide (NO,) gases as well as against water vapor (H,O).
Finally, using only ambient visible light, the sensor was
modularized to produce an alarm in the presence of H, gas.

RESULTS AND DISCUSSION

Figure 1a presents a schematic illustration of the proposed self-
powered H, sensor device. The proposed sensor device is
configured as a laminated Pd-PUA nanograting film on a
photovoltaic cell (left panel in Figure 1a). In particular, the Pd-
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Figure 2. (a) Schematic of Pd-PUA nanograting. (b) FIB-SEM image of fabricated Pd-PUA nanograting according to various deposition angles
(0). (c) FEM simulation results for the deformation of Pd-PUA nanograting film in the 2% H, gas. The x-axial displacement is presented with a
rainbow color-map (scale bar = 100 nm). (d) Pd gap of Pd-PUA nanograting according to deposition angle. (e) Simulation results of PUA
deformation produced by Pd expansion at various deposition angles. (f) Simulation and experimental results for 2% H, gas detection of self-
powered gas sensors with various deposition angles. (g) Real-time current change of self-powered gas sensors for 2% H, gas with different

deposition angles.

PUA nanograting film has an asymmetric structure in which the
Pd is deposited on the top and on only one side of the PUA
nanograting structure. Because of this asymmetric Pd nano-
structure, the proposed sensor device can optically detect H, gas
in a highly reliable manner by exploiting changes of the optical
transmittance, without external power (Figure 1b). When
ambient visible light is incident on the sensing film, a certain
amount of the light is transmitted through gaps between
adjacent Pd-PUA nanograting, and it can generate current
output in the photovoltaic cell underneath (upper panel in
Figure 1b). When H, gas meets Pd, the H, molecules are
decomposed into hydrogen atoms that diffuse into the Pd lattice,
resulting in Pd hydrogenation [Pd + H,— PdH,]. When this
occurs, many physical and chemical changes in the Pd occur,
including volumetric expansion due to changes in the
lattice.">'***73" In the proposed sensor, because the Pd covers
the top and only one side of the PUA nanograting, the PUA
nanograting structures become warped on one side by the
volumetric expansion of Pd (lower panel in Figure 1b). This
chemo-mechanical deformation of the Pd-PUA nanograting
blocks some of the incoming light, causing a change in the
current output of the photovoltaic cell. Moreover, the
deformation of the Pd-PUA nanograting varies according to

how much H, is absorbed, and thus the concentration of H, gas
can be detected by measuring the level of output current of the
photovoltaic cell, without need for an external power source. To
theoretically confirm the feasibility of the proposed concept, we
performed FEM simulation (COMSOL Inc., USA), considering
a PUA nanograting substrate with a Pd nanostructure on only
the top and the side wall of the nanograting. For the asymmetric
Pd nanostructure, a 100 nm-thick Pd film was designed as it is
formed using the glancing angle deposition method (0 =45°) on
a nanograting substrate (150 nm line, 250 nm space, and 250 nm
height), a practical method to fabricate Pd-PUA nanograting
films in real experiments (Figure S1). Then, a different
volumetric expansion of Pd with respect to the concentration
of H, was applied for the simulation, considering the previously
reported values.” Figure lc shows the results of the FEM
simulation. When the volumetric expansion of Pd is generated
by H,, a x-axial displacement is induced by the bending of PUA.
The x-displacement of Pd-PUA was negligible at very low
concentrations of H,, but it was significantly increased as the
concentration of H, increased. The x-displacement of Pd-PUA
is 1.6 nm at 0.5% of H, (Figure 1¢,(i)), but it becomes ~20 nm at
2% of H, concentration (Figure 1c,(ii)). Using this FEM
simulation method, we further calculated a relative change of Pd
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gap, between the adjacent Pd-PUA nanograting, to the original
Pd gap (Aw/w,) with respect to the H, concentration (Figure
Ic,(iii)). From the calculation result, we confirmed that the
detectable x-displacement change can occur at the Pd-PUA
nanograting by the H, gas, resulting in the optical transmission
change based H, gas detection with the self-powered manner, as
we proposed. It is worthwhile to note that the simulation was
conducted by considering small sizes of Pd-PUA nanograting
film (w X I X t = 3500 nm X 4000 nm X 400 nm), because real
Pd-PUA nanograting films have the same regular structure.
Details about this simulation are provided in the “Numerical
simulation of Pd expansion” section in the Supporting
Information.

To demonstrate the proposed sensor, we developed a large-
area nanofabrication process combining nanoimprint lithog-
raphy and vacuum deposition methods. First, a 400 nm pitch
(150 nm line and 250 nm space) PUA nanograting film (2 X 2.5
cm?) was fabricated using nanoimprint lithography.”* The line
width and space of the PUA nanograting film were the smallest
dimensions that can be made through conventional KrF
photolithography for the nanoimprinting template fabrication.
The small line width of the nanograting can reduce the moment
of inertia of the nanograting and maximize the deformation
(Aw) by the volume expansion of Pd (Figure S2). Also, the small
space of the nanograting can increase the relative change of the
Pd gap (Aw/wy), even with the same deformation. Next, on the
PUA nanograting film with small line width and space, electron
beam evaporation of Pd was performed using a glancing angle
deposition method to deposit the Pd only on the top surface and
one side of each nanograting. Then, the fabricated Pd-PUA
nanograting film and photovoltaic cell were assembled using an
adhesive tape. The detailed fabrication process is summarized in
Figure S1. Scanning electron microscope (SEM) images of the
original PUA nanograting film are shown in Figure S3, and the
electrical properties of the photovoltaic cell are shown in Figure
S4. Furthermore, the experimental details on the PUA
nanograting film and photovoltaic cell are shown in the Methods
section. An optical image and SEM image of the fabricated
device are shown in Figure 1d,e, respectively. Since the proposed
fabrication method is fully based on the nanoimprint lithography
and vacuum deposition methods, the asymmetric Pd nanostruc-
ture on the PUA nanograting was successfully formed with high
uniformity, as shown in Figure le (glanced deposition angle =
45°, thickness = 100 nm). Top and cross-sectional images of the
fabricated Pd-PUA film are shown in the upper and lower panels,
respectively, of Figure le. Only when taking a cross-sectional
SEM image, the passivation layer (in situ Pt deposition) was
deposited on a local area of Pd-nanograting to prevent a direct
damage during focused ion beam (FIB) milling (Figure S5).
Besides, since the proposed fabrication process only uses top-
down approaches such as nanoimprint process and electron
beam evaporation, Pd-PUA nanograting structures can be
fabricated reliably with high uniformity and reproducibility, as
shown in Figures S6 and S7. Thanks to the uniformly defined
nanogaps between each Pd nanostructure, ambient light can
penetrate the Pd-PUA nanograting film and generate an output
current in the photovoltaic cell (Figure S8).

In the proposed device, the angle of Pd deposition (6, Figure
lc) is very important, because different shapes of Pd-PUA
nanograting film are fabricated by varying the deposition angles
(Figure 2a), and these finally determine the H, gas sensing
performance of the device. For example, by using a smaller
deposition angle, a thicker but shallower structure Pd is

deposited on the side wall of the PUA nanograting, while a
thinner and deeper structure of Pd is formed on the side wall by
using a larger deposition angle (Figure 2b). These different
shapes of the Pd nanostructures generate different mechanical
forces that warp the nanograting. To theoretically predict the
chemo-mechanical deformation of the Pd-PUA nanograting
with respect to the deposition angle, we performed a numerical
analysis based on FEM simulation. In the simulation, we first
designed various Pd-PUA nanograting structures, considering
different deposition angles from 5° to 85° with 50 nm-thick
deposition and calculated the Pd gap (w,) between the Pd-PUA
nanostructures in air condition (Figure S9). Then, we calculated
the changed Pd gap (wy,) of the Pd nanostructures, deposited by

different angles (), according to the reaction with H, gas. For
the numerical simulation, we applied a volume expansion of the
Pd by 10.9% because of the increase of the Pd lattice constant by
3.5%, which assumes that the deposited Pd is fully transformed
into the B-phase PdH,.”>* Figure 2c¢ shows visualized FEM
simulation results. As the angle of the Pd deposition became
larger, more x-displacement is generated at the Pd-PUA
nanograting. The initial Pd gap between Pd-PUA nanograting
and the change of Pd gap by the H, gas are plotted in Figure 2d,e,
respectively. As the deposition angle increases, the initial Pd gap
and transmittance increase monotonically (Figure S10). This
increase is also observed in the changed Pd gap by H,, however,
there is an inflection point at & = 45°. Before the 45° deposition
angle, the changed Pd gap largely increases as the deposition
angle increases, but a sudden decrease of the changed Pd gap is
calculated at the deposition angle larger than 45°. Because of this
inflection point, the performance of the device can have an
optimum point in gas sensing. We further calculated the
normalized value of the Pd gap change (IAw/w, |, Aw = wyy —

w,), implying the transmission of the light through the Pd-PUA
nanograting film in H, gas condition. The normalized value of
the Pd gap change is calculated and set to increase continuously
as the deposition angle increases from 5° to 45°%; it reaches a
maximum (|Aw/wyl = 0.09) at 45° and then decreases as the
angle increases beyond 45° (upper panel in Figure 2f). We
understand this result with the maximum x-axial stress when the
deposition angle is 45°. At this deposition angle, the same
thickness of Pd is deposited on the top and the side-wall of the
PUA nanograting, and this structure is the most favorable for
achieving maximum x-axial displacement of the nanograting
structure. Details about the theoretical calculation, including
FEM simulation, are shown in Figure S11. To experimentally
confirm the results of the theoretical design optimization, we
fabricated four different Pd-PUA nanograting films with various
deposition angles (30°, 40°, 45°, and 70°) and measured the
normalized output current change ((I — I;)/I,) by the 2% H, gas
exposure of each sample (Figure 2g). The experimental details
are shown in Figure S12 and in the Methods section. The
experimental results highly correspond to the theoretical
calculations, as shown in Figure 2f. The measured normalized
output current changes are 0.029, 0.060, 0.080, and 0.023 for the
deposition angles of 30°, 40°, 45°, and 70° respectively.
Maximum normalized current change (I(I — I,)/I,| = 0.080) is
also achieved when the deposition angle is 45°, and the tendency
of the current change matches well with the numerical
simulation results (upper panel in Figure 2f).

The thickness of the deposited Pd (d) can also influence the
sensing performance. From the performed FEM simulation
considering different thicknesses of Pd, we confirmed the
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Figure 3. (a) FEM simulation results for the deformation of Pd-PUA nanograting films deposited with various Pd thickness in the 2% H, gas.
The x-axial displacement is presented with a rainbow color map (scale bar = 100 nm). (b) Pd gap of Pd-PUA nanograting according to Pd
thickness. (c) Simulation results of the change in the Pd gap of Pd-PUA nanograting deposited with various Pd thicknesses in 2% H, gas. (d)
The rate of change in the Pd gap of Pd-PUA nanograting films according to Pd thickness. (e) Cross-sectional SEM images of Pd-PUA
nanogratings with various Pd thicknesses. (f) Transmittance of various Pd-PUA nanograting films. (g) Current change according to H, gas

concentrations in self-powered gas sensors with various Pd thicknesses.

significantly different chemo-mechanical displacement of the
nanograting (Figure 3a). To specifically understand the
influence of the thickness of the Pd on the sensing performance,
we also performed the numeric analysis based on the FEM
simulation. It is worthy to note that the thickness simulation was
performed with the deposition angle of Pd at 45°, and a volume-
expansion of 10.9% was applied to the Pd layer to consider the
chemo-mechanical displacement. As the deposition thickness
increased, the gap between adjacent Pd-PUA nanograting
structures (w,) became narrower (Figure 3b). Even though
the initial gap between adjacent Pd-PUA nanograting structures
decreases, the x-displacement by Pd volumetric expansion (Aw
=wy— wy,) did not show a significant increase as the thickness of

Pd increased from 30 to 110 nm; the x-displacement was about
20 nm in this thickness range (Figure 3c). However, the large
decrease of x-displacement was obtained when the thickness of
Pd was thicker than 110 nm (Figure 3c). We understand these
phenomena with a diffusion limitation of H, into Pd (~100
nm).** Since no more Pd can be converted into PdH, in the
entire Pd layer in the thicker Pd nanostructure (d > 100 nm),
nonconverted Pd generates a higher bending moment of inertia,
which inhibits warping of the nanograting structure. The x-
displacements by the PdH,, conversion in different thickness of
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Pd nanostructures are shown in Figure S13 in detail. Since the
initial gap is monotonically decreased and the x-displacement of
the nanograting shows the sudden decrease as the deposition-
thickness increases above 110 nm, there is also an optimum
point in thickness. We calculated the theoretical normalized Pd
gap change by the volumetric expansion (IAw/wl, Aw = wyy, —
wp) and confirmed the optimum value about |Aw/wyl = 0.18,
when the thickness of Pd was 110 nm (Figure 3d). We further
experimentally confirmed the optimum point in thickness. For
the experiment, we demonstrated various types of Pd-PUA
nanograting structures, in which the thickness of the Pd thin film
varied from 35 to 100, 110, and 235 nm. Cross-sectional SEM
images are shown in Figure 3e. From an optical transmission
measurement, it is confirmed that a significant light can reach to
the photovoltaic cell through the 235 nm-thick Pd-polymer
nanograting film (Figure 3f). Figure 3g shows the normalized
output current changes (response = |(I — I)/I,|) of each sample
with respect to various H, gas concentrations. In all cases, the
responses increased as the concentration of H, gas increased,
and a significantly large response is observed at 2.0% of H, gas.
From these results, it can be seen that all devices operated well
via the proposed chemo-mechanical mechanism, regardless of
the thickness. It should be noted that the sudden increase of the
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Figure 4. Characterization of a self-powered gas sensor with a Pd thickness of 110 nm and deposition angle of 45°: (a) Real-time gas sensing
results for various H, gas concentrations, (b) current change according to various H, gas concentrations with incident light intensities of S W/
m?® and 235 W/m?, (c) real-time current change for reliability test in response to 2% H, gas over 125 cycles, (d) current change according to
0.5% H, gas exposure at various humidity conditions, and (e—g) real-time sensor response to various gases such as CO (10, 50, 100, and 200
ppm) (e), H,S (1, S, 10, and 20 ppm) (f), and NO, (1, 5, 10, and 20 ppm) (g).

response at 2% of H, gas is explained by pf-phase Pd
hydrogenation (PdH,), which normally occurs at around 2%
of H, gas, resulting in larger volume expansion and larger
bending moment of inertia than those of the @-phase PdH,.” In
spite of this similarity, the quantity of the response is largely
different with respect to the thickness of Pd. As the thickness of
Pd increases, the response improves (the responses of 35, 100,
and 110 nm-thick Pd samples are 0.01, 0.17, and 0.23,
respectively, at 2% of H, gas). These results can be attributed
to the larger bending force induced by the thicker Pd layer.
However, the response to 2% H, gas is larger for the 110 nm-
thick Pd film than for 235 nm-thick Pd film (0.23 and 0.19,
respectively), as we theoretically confirmed.

From the above parametric studies, we determined that the
proposed device could achieve an optimal design for high
sensitivity with a deposition angle of 45° and Pd thickness of 110
nm. Using the optimized device, we performed further
investigation of the characteristics of the sensing performances,
such as detection limit, reliability, and selectivity. Figure 4a
shows the normalized output current change of the device with

respect to various concentrations of H, gas. When the device was
exposed to H, gas, the output current dynamically decreased.
Normalized current changes (response, I(I — I)/I,l) are ~1.5%,
~2.8%, ~3.5%, ~5.0%, ~21.5%, and 25.3% when the
concentrations of H, gas are 0.1%, 0.5%, 1.0%, 1.6%, 2%, and
4%, respectively. The sensitivity, which is defined as the slope of
response vs concentration curve, can be calculated as 0.03/
[H,]%, 0.41/[H,]%, and 0.02/[H,]% in a range of ~1.6% H,,
1.6—2% H,, 2—4% H,, respectively. Besides, when compared
with the small current increase (~1%) of the flat Pd film in
Figure S14, the large current decrease (~21.5%) of the Pd-PUA
nanograting film shows that the decrease of the gap between Pd
nanopatterns contributes more to the high sensitivity than the
change in the transmittance of Pd film. The sudden increase of
the response at 2% of H, gas is also explained by the $-phase of
PdH,. Noticeably, the device successfully detects 0.1% H, gas,
which satisfies the limit of detection for the safety of H, gas as
required by the United States Department of Energy (DOE).”’
Additionally, with advanced fabrication technologies, if the
aspect ratio of the nanograting increases by reducing the width
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Figure S. (a) Optical image of Pd-PUA nanograting based self-powered H, gas sensing system. (b) Schematic circuit image of Arduino module
with Bluetooth, voltage converter, voltage regulator, op-amp, 9 V battery, and two photovoltaic cells. (c) Logic diagram for real-time H, gas
detection and alarm. (d) Real-time sensing results and (e) alarm results displayed on a mobile device according to changes of environment (i.e.,

air and 4% H, gas, light intensities of 105 W/m? and 29 W/m?).

and increasing the height, we expect that the sensitivity can be
improved because the moment of inertia is reduced.

The optical stability of the device was also tested. Using
various levels of ambient light power, we evaluated the sensing
performance of the device. In spite of different ambient light
intensities (5 W/m? and 235 W/m?), the device showed
consistent output current changes for various concentrations of
H, gas (Figure 4b). In addition, the base current in a low light
intensity of S W/m? is 3 uA, which can be sufficiently detected
by the ammeter chip of conventional small devices, so it is
suitable for use even where there is insufficient light (Figure
S15). Furthermore, we can verify through finite-difference time-
domain (FDTD) simulation that even if the incident angle of
ambient light is different, the transmittance is stably maintained
(Figure S16). The reliability of the device was also tested. Under
conditions of repetitively changing the concentrations of H, gas
(2 cycles of 0.5%, 1.0%, 1.5%, and 2.0% of H, gas), the device
showed a reproducibility of the sensing performance (Figure
S17). Besides, the structure of Pd-PUA nanograting remained
the same before and after repeated H, gas sensing experiments,
even though Pd had experienced a volume expansion (Figure
S18). Significantly, the device also showed a long-term stability
against a high concentration of H, gas (2%). During 125 cyclic
exposures to 2% H, gas, we can see that the width of the crack,
caused by the defect during the Pd deposition process, was
widened after the cycle test in the top SEM image (Figure S19a).
However, the occupied area of the generated cracks was
minimal, about 0.7% of the total area. Besides, when the
transmittance of crack film was confirmed through FDTD
simulation, the transmittance was well maintained with a small
deviation of 5% due to a small area of the crack (Figure S19b). As
a result, in the experimental results, the base current and the
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output current changes are also stably maintained with small
deviations of 2.0% and 2.9%, respectively (Figure 4c). It should
be noted that the long-term reliability of devices under a high
concentration of H, gas (>2%) is difficult to be achieved in the
conventional Pd-based chemo-resistive-type H, gas sensors,
because electrical breakdowns can easily be generated by
structural degradation and fatigue fracture of Pd (Table $1).%>**

The selectivity is a crucial factor for gas sensors, considering
that there are abundant gaseous species such as H,0, CO, H,S,
and NO,. In order to characterize the sensitivity of the sensor to
humidity, gas sensing experiments were conducted with the H,
gas concentration fixed at 0.5% and the relative humidity (RH)
changed to 0, 22.5, 45, and 67.5%, as shown in Figure 4d. The
real-time response plot shows almost identical responses
(average = 0.020, minimum = 0.019, and maximum = 0.024),
regardless of the humidity of the input gas. Even at a high
humidity of 80% RH, the sensor response was similar to thatin a
dry condition, as shown in Figure S20. We understand that the
immunity of the sensor against wetting may have been achieved
by nanostructures on the film. Our periodic nanostructures can
trap an air pocket between structures, as shown in Figure S21a,
forming a Cassie—Baxter state in which water cannot enter the
structures. The Cassie—Baxter state of the Pd- PUA nanograting
structure causes the hydrophobic properties of the high contact
angle and small hysteresis in contact angles (the difference
between advancing and receding contact angles) even on an
inclined surface, as shown in Figure S21b,c. As a result, the
hydrophobic property of nanograting can maintain the H,
absorption of Pd by suppressing the formation of a water layer
in a high-humidity environment. Therefore, we can conclude
that the proposed H, gas sensor is not greatly affected by the
humidity changes due to the hydrophobic properties and is
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expected to operate stably both in humid and dry conditions. In
the cases of metal oxide or Pd-based chemo-resistive H, gas
sensors, responses are decreased by the adsorption of water
molecules under high-humidity conditions.”*? In this respect,
our proposed sensor shows a very stable H, gas sensing response
in a variety of humidity conditions. In addition, in terms of
stability over varying temperature, the FEM simulation results
show that the proportion change of the Pd gap (Aw/w,) under
2% H, gas is well maintained in the temperature range from 0 to
60 °C (Figure S22a,b). The fabricated PUA substrate stored at S
and 80 °C for 24 h also maintained initial mechanical properties
and cross-sectional SEM image (Figure $22b,c). Therefore, we
expect that the proposed sensor can be reliably used in various
temperature conditions. We also tested the selectivity of the
proposed sensor against various concentrations of CO (10, S0,
100, and 200 ppm), H,S (1, 5, 10, and 20 ppm), and NO, (1, S,
10, and 20 ppm) gases (Figure 4e—g). For all three gases, no
matter what concentration was injected, no change of current
output of the photovoltaic cell was noticeable. So far, we have
confirmed that the proposed device can detect H, gas in a highly
reproducible and selective manner. Moreover, thanks to the use
of a photovoltaic cell, the proposed device does not require any
external energy source. Thus, we think that the proposed
concept can be utilized for energy efficient continuous H, gas
monitoring systems.

Finally, to show the feasibility of the self-powered H, gas
sensing system, we demonstrated a wireless H, gas sensing
system (Figure Sa) by modularizing the proposed sensor with
other electrical components on a printed circuit board to
implement a practical gas sensing system. The module consisted
of an Arduino platform, Bluetooth chip, voltage converter,
voltage regulator, op-amp, 9 V battery, reference photovoltaic
cell, and photovoltaic cell covered by the Pd-PUA nanograting
film (Figure Sb). In particular, we used the reference cell, which
does not have the Pd-PUA nanograting film, to compensate for
the errors due to the varying intensity of ambient light. The
stable H, gas sensing is performed by calculating a relative value
of the output signal of the sensing cell compared to that of the
reference cell. Calculation of the outputs of the reference and
sensing photovoltaic cells is done by the Arduino system, and
the calculated results are transferred to the mobile device by
Bluetooth communication. We also programmed the mobile
device so that it can show a warning alarm when the signal
exceeds a certain threshold value due to the exposure to
excessive H, gas. The circuit information is explained in the
Methods section. To quickly demonstrate this prototype system,
we used a 9 V battery for the circuit operation. In the future, by
applying a low power circuit, this electrical power can be
replaced by that generated from the reference photovoltaic cell.
Figure Sc provides a detailed algorithm diagram of the system.
First, the output currents from the reference cell (I) and sensing
photovoltaic cell (I) are converted into voltages V and Vy,
respectively, by a current-to-voltage converter circuit. The ratio
of these two voltages in an air environment (S, = Vs, /Vy ) and

that in the presence of H, gas (S = Vg/V3) are used to define the
threshold to activate the alarm. Specifically, for the monitoring
of 4% H, gas using an 105 W/ m? white-light, the alarm is
activated when S/S; is less than 97.3%, and the alarm is
deactivated when S/S, is greater than that value. Changes in the
signal recorded in the mobile device are shown in Figure 5d. The
ratio of §/S, decreases when the module is exposed to H, gas
because the optical transmittance of the sensing film (i.e., Pd-

PUA nanograting film) is reduced. Before the signal reaches the
threshold, the display of the mobile device shows the message
“Safe” with a green light, and when the threshold value is
reached, a “Warning” message with a red light appears. Finally,
the display shows “Safe” again, when S/S, is higher than 97.3%
(Figure Se). To confirm the stability against variation of the
ambient light, the H, gas sensing performance of the developed
module was further tested under a different light condition
(intensity = 29 W/m?). The repetitive and reliable gas sensing is
achieved regardless of the light intensity (dashed line in Figure
5d). The video clip about the operating sensor module can be
seen in Supporting Information Video S1.

CONCLUSION

In this study, we developed a self-powered H, gas sensor using a
photovoltaic cell and chemo-mechanically deforming Pd-PUA
nanograting structure. The sensor mechanism is based on the
change in the optical transmittance of the nanograting structure
caused by the expansion of Pd after reaction with H, gas, which
is then detected by the change of the current output of the
photovoltaic cell. This sensor operates by the power of ambient
light, thereby requiring no external electrical power. The sensor
was able to detect H, gas at concentrations as low as 0.1%, with a
selectivity against CO, H,S, and NO,, and high stability against
humidity change. In addition, it showed a high reliability and
repeatability, ensuring its applicability to real-life, long-term
usage. Furthermore, the proposed sensor showed good sensing
performance regardless of the light intensity. Therefore, this
sensor can be utilized anywhere, as long as a small amount of
visible light exists. Finally, we demonstrated that the developed
sensor can be used in portable H, gas leakage alarm systems by
integrating it with an Arduino platform and wireless
communication. Therefore, we expect that this sensor can be
used as a self-powered sensor device for detecting H, gas leakage
in hydrogen stations and industrial sites that frequently use H,
gas. Also, if another material that can react with a particular
target gas and generate mechanical deformation is utilized, the
proposed sensing approach can be used to detect other gases,
without external electrical power.

METHODS

Fabrication of Pd-PUA Nanograting Film. The fabrication
process began with a cm-scale silicon (Si) nanograting template (2 X
2.5 em*) made by conventional KrF photolithography. To fabricate the
nanograting PUA polymer substrate, a typical nanoimprint lithography
process was performed to generate a periodic nanograting pattern with
a width of 150 nm and a height of 250 nm. First, UV-curable PUA
(HC11M-JS, Minuta Technology Co., Ltd., South Korea) resin and a
50 um-thick polyethylene terephthalate (PET) backing layer were
subsequently formed on the Si nanograting template, and the PUA was
cured by 400 mJ I-line (365 nm wavelength) UV exposure. After UV
curing, the polymer substrate was peeled off gently from the template
(Figure S23). On the fabricated PUA nanograting film, electron beam
evaporation of Pd was performed using a glancing angle deposition
method to deposit the Pd on only one side of each nanograting
structure.

Fabrication of Photovoltaic Cell. The substrate electrode
material was a glass (JM International Co., South Korea) coated with
indium tin oxide (ITO, 75 nm thickness). For the electron transport
layer, a solution was made by mixing zinc acetate dehydrate (1 g, Sigma-
Aldrich, USA) and ethanolamine (0.28 g, Sigma-Aldrich, USA) in 2-
methoxyethanol (10 mL, Sigma-Aldrich, USA). The mixture was stirred
for over 8 h at room temperature and then deposited on the ITO-coated
glass substrate by spin coating at 3000 rpm for 30 s. The sample was
then heat-treated at 200 °C for 30 min in a box furnace.*” For the
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photoactive layer, O-dichlorobenzene (Sigma-Aldrich, USA) and 1,8-
diiodooctance (Sigma-Aldrich, USA) were mixed at a ratio of 97:3 as
the solvent, and poly-3-hexylthiophene-2,5-diyl (Rieke Metals, USA)
and phenyl-C;-butyric acid methyl ester (Nano-C Company, USA)
were mixed at a ratio of 1:1 as the solute. The solute was dissolved in the
solvent at a concentration of 10 mg/mL. The mixture was spin-coated
on the previously fabricated substrate at 2000 rpm for 60 s, and the
sample was heat-treated at 150 °C for 10 min.*' Finally, a hole-
transporting layer of molybdenum oxide (10 nm thickness) and silver
(150 nm thickness) electrodes were formed by thermal evaporation.

Measurement of Sensor Response to Target Gas under
Visible Light. Since the fabricated photovoltaic sensor has a high-
energy efficiency in the visible light region, a xenon light source (LAX-
C100, Asahi Spectra, Japan) with a visible li§ht filter was set to operate
the Pd-PUA nanograting H, gas sensor.” " The sensing film with the
organic photovoltaic cell was placed in a gas chamber (width: 85 mm,
length: 155 mm, height: 40 mm) with a transparent cover, H, gas was
mixed with a synthetic air (i.e, mixture of N, and O,), and the
concentration of the target gas was controlled using a mass flow
controller (AFCS500, Atovac, South Korea). When measuring gas, the
gas flow was kept constant at S00 sccm. The light intensity for the
sensor operation was 235 W/m? for most of the sensor experiments and
5 W/m? for the validity test of sensor operation at a low light intensity.
The output current from the photovoltaic cell was measured by a source
meter (2400, Keithley, USA) without any voltage input.

Electrical Circuits for the Self-Powered Gas Sensor. The
electronic module for the H, gas alarm application consisted of two
commercial photovoltaic cells (AM-5610CAR, Panasonic-BSG, Japan),
an Arduino platform (Pro mini, Arduino.CC, USA), a Bluetooth
module (FB1SSBC, Firmtech, South Korea), a voltage converter
(TL7660, Texas Instruments, USA), a voltage regulator (MICS5219,
Microchip, USA), an operational amplifier (op-amp, LM7332, Texas
Instruments, USA), and a 9 V battery. One photovoltaic cell was
covered by the Pd-PUA nanograting film for gas sensing, and another
was not covered to measure the incident light intensity as a reference.
The output currents from the photovoltaic cells were converted to
voltage values using a current-to-voltage converter circuit including op-
amp, because the Arduino can read voltage values only. If the change
ratio between the output voltages of the two cells was larger than a
predetermined threshold value, an alarm was made by a message and a
color change in the mobile device.
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