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Abstract 
Hydrogen has been recently attracted much attention with respect to high 
energy-conversion efficiency and low environmental burden. However, hy-
drogen gas is dangerous due to an explosive gas and a fast combustion rate. 
Therefore, the development of hydrogen sensor with high accuracy and relia-
bility that can detect hydrogen easily is required. Especially, a flexible hydro-
gen sensor is useful because it has a high degree of freedom with respect to 
the shape of location in which the sensor is to be located. A flexible hydrogen 
sensor—namely, a WO3 thin film formed on a PET film by the sol-gel method 
using photo irradiation—based on gasochromism of WO3 was developed. By 
irradiating a thin film, which was prepared by using WO3 precursor solution 
synthesized by the sol-gel method, with ultraviolet rays, a high-purity WO3 
film could be prepared on PET at low temperature. The sensor was structured 
as a polystyrene (PS) film containing palladium (Pd) laminated on a WO3 
film. The WO3 layer was porous, so the PS containing Pd atoms solution pe-
netrated the WO3 layer. WO3 reacted with hydrogen gas and instantly turned 
blue as the transmittance of the WO3 layer changed. The sensor showed high 
reactivity even for hydrogen concentration below 4% (1%, 0.5%, 0.25%, and 
0.1%), which was the lower limit of hydrogen ignition, and a linear relation-
ship between hydrogen concentration and change in transmittance was 
found. Moreover, the resistance of the WO3 film significantly and instanta-
neously changed due to hydrogen-gas exposure, and the hydrogen concentra-
tion and resistance change showed a linear relationship. It is therefore possi-
ble to quantitatively detect low concentrations of hydrogen by using changes 
in transmittance and resistance as indices. Since these changes occur selec-
tively under hydrogen at room temperature and normal pressure, they form 
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the basis of a highly sensitive hydrogen sensor. Since the developed sensor is 
flexible, it has a high degree of freedom with respect to the shape of location 
in which the sensor is to be installed. 
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1. Introduction 

In recent years, owing to the problems of global warming due to mass consump-
tion of fossil fuel and the depletion of energy resources, development of alterna-
tive energy sources as a replacement for fossil energy has become urgent. Among 
those energy sources, hydrogen is attracting attention because it can be pro-
duced from various raw materials, such as LNG, fossil fuels, biomass, and water, 
and it has a “clean” advantage; namely, only water is discharged during its com-
bustion [1] [2]. 

A fuel cell—which uses hydrogen as an energy source—is a highly efficient 
energy system capable of converting chemical energy of hydrogen directly into 
electric energy. In addition, since fuel cells emit neither harmful gases (such as 
carbon dioxide) due to incomplete combustion nor exhaust gases (such as those 
generated by combustion of fossil fuels), they are gaining much attention from 
the viewpoint of their environmental friendliness. Accordingly, from now on-
wards, fuel cells are expected to be rapidly developed as power sources for 
fuel-cell vehicles as well as stationary power sources [3] [4]. A sensor that detects 
leakage of hydrogen (which is highly explosive) is an indispensable technology 
in regard to the development of fuel cells. In particular, in places where hydro-
gen gas is compressed and stored at a high pressure, such as a fuel-cell vehicle or 
a hydrogen filling station, a sensor for selectively detecting hydrogen leakage 
with high sensitivity is required. Hydrogen leaks easily because it is the smallest 
molecule, and it has a wide combustion range; in particular, its minimum igni-
tion energy in the air is extremely low, namely, one-tenth that of methane, gaso-
line, etc. Consequently, when ignited, hydrogen explodes catastrophically; in 
other words, it is an extremely dangerous gas. For that reason, there is a strong 
demand for a sensor that can detect hydrogen leakage (in consideration of a hy-
drogen-explosion limit of 4% or less) with high sensitivity and selectivity. And 
also, a flexible sensor for detecting hydrogen gas which can be located on com-
plex shape substrates such as a hydrogen gas stored spherical tank and a cylin-
drical pipe, etc., is required. 

Conventional hydrogen sensors include catalytic-combustion gas sensors and 
metal-oxide-semiconductor gas sensors; however, they face two problems: 1) 
high operating temperature (400˚C or higher) and 2) low gas selectivity [5]. 
Since the sensor operates at high temperature, the substrate on which the ele-
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ment for sensing hydrogen gas is formed is limited to one with high heat resis-
tance (such as a ceramic or glass), and it is difficult to use an organic resin as a 
substrate because it has no heat resistance. In the case of thin-film sensors, 
physical deposition methods, such as sputtering and vacuum evaporation me-
thod, are generally used for fabricating the sensors [6]-[11]; however, it is prob-
lematic that these methods use large, high-vacuum facility, thereby increasing 
manufacturing costs. As a low-cost method, forming a tungsten trioxide (WO3) 
thin film by coatings of a solution by using the sol-gel method has been reported 
[12] [13] [14] [15]. It has also been reported that when platinum (Pt) or palla-
dium (Pd) is included in the WO3 film as a catalyst, it reacts with hydrogen mo-
lecules at room temperature, and the optical properties and conductivity of the 
film change significantly. Accordingly, a hydrogen sensor using that change in 
properties has been proposed. Nishio et al. reported that a WO3 film containing 
Pt can be produced by the sol-gel method, and the film showed high reactivity to 
hydrogen gas [16]. Moreover, S. Fardindoost et al. reported that a WO3 thin film 
doped with Pd can be formed by the sol-gel method, and the resistance of the 
film changes significantly on contact with hydrogen gas [17]. In both cases, heat 
treatment at high temperature was used to produce the WO3 films, and both 
films were formed on a substrate with high heat resistance, such as glass or alu-
mina. To obtain an inorganic thin film with high purity by using the sol-gel me-
thod, heat treatment of about several-hundred degrees Celsius is usually re-
quired [18]. For that reason, it is difficult to use an organic-resin substrate be-
cause it has low heat resistance. In order to develop a flexible hydrogen sensor, 
the technique is required for low temperature formation method of WO3 film on 
organic-resin substrate. To best our knowledge, there is no report on sol-gel de-
rived WO3 thin film with high quality on organic film. 

In this paper, regarding our aim of manufacturing a high-sensitivity hydrogen 
sensor with flexibility at low cost, 1) the development of low-temperature tech-
nology for depositing a WO3 film by the sol-gel method with photo-irradiation 
and 2) forming the WO3 film on a PET film to form a flexible hydrogen sensor 
are reported.  

2. Experimental 
2.1. Fabrication of PS (Pd)-Laminated WO3 Thin Film 

A polystyrene (PS) thin film containing palladium (Pd) was formed on a WO3 
thin film formed by photo irradiation; as a result, a PS(Pd)/WO3 thin film with a 
laminated structure was produced. Under a nitrogen atmosphere, 1.196 g of 
WCl6 (Sigma-Aldrich) was dissolved in 6 ml of dehydrated ethanol to prepare a 
0.5M solution. This solution was spin-coated (3000 rpm for 30 s) on a PET film 
(30 mm × 30 mm; thickness: 100 μm; Toyobo Co. A7300). The spin coating was 
performed inside a glove box with humidity kept at about 50% by a humidifier. 
Subsequently, the WO3 precursor film formed on PET was irradiated with ultra-
violet rays (wavelength: 254 nm and 185 nm; light intensity: 12 mw/cm2) at 
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100˚C for 20 minutes. This thin-film-formation process was repeated three times 
to increase the thickness of the WO3 thin film. Pd (CH3COO)2 (Kanto Chemical 
Co.) was added to a 10 wt% PS (Wako Pure Chemical Co.: Degree of polymeri-
zation 2000) toluene solution to prepare a solution containing 1 wt% of Pd. This 
solution was spin-coated on the WO3 thin film (at 3000 rpm for 30 s) and then 
dried at 100˚C for 10 minutes.  

Moreover, a PS(Pd)/WO3 laminated thin film was formed on a PET film, on 
which a Ti/Pt electrode was formed, by the same method described above, and 
that film was used as a sample for measuring change in resistance during expo-
sure to hydrogen. 

2.2. Evaluation of Hydrogen Sensitivity of Thin Film 

The PET film coated with the PS(Pd)/WO3 laminated film was cut into a 8 × 
24-mm, which was then placed in a 1-cm cell for spectrophotometer measure-
ment, and the upper part of a cell was covered with polydimethylsiloxane 
(PDMS). 

Two injection needles were inserted into the cell, and hydrogen (of a prede-
termined concentration) was introduced through one of the needles and dis-
charged from the other. The inside of the cell was filled with a hydrogen atmos-
phere at constant concentration. As for the hydrogen, a nitrogen-hydrogen 
mixed gas (hydrogen concentration: 0.1%, 0.25%, 0.5%, 1.0%, and 4%; Japan 
Fine Products) was used. Change in transmittance of the thin film when hydro-
gen gas was introduced was measured by spectrophotometer (Shimadzu UV3600). 
Dry air was used for discharging the hydrogen gas, and a three-way cock was 
used to switch between hydrogen gas and dry air. 

With respect to the resistance change at the time of hydrogen exposure, the 
resistance change of the PS(Pd)/WO3 laminated thin film formed on the PET 
film (on which the Ti/Pt comb-shaped electrode was formed) was tracked by 
using a resistivity meter. 

2.3. Evaluation of Film 

The chemical structure of the WO3 film was investigated by measuring its infra-
red absorption spectrum (Shimadzu FT-IR8400S). The surface of the thin film 
was observed by optical microscope (Kyowariken ME-LUX2) or digital micro-
scope (Keyence VHX-500F) as well as by scanning electron microscope (SEM: 
Carl Zeiss ULTRA55). The cross-sectional structure of the PS(Pd)/WO3 film was 
observed by transmission electron microscope (TEM: HITACHI HF-2000). The 
samples for these observations were fabricated by FIB (focused ion beam) 
processing. 

3. Results and Discussion 
3.1. Hydrogen Sensor Using WO3 Thin Film 

The WO3 thin film was used as an element for detecting hydrogen, and the “ga-
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sochromism” property of the thin film was used. The detection principle is 
shown schematically in Figure 1. Although WO3 is colorless and transparent, 
tungsten bronze (HxWO3) is formed by incorporating H+ ions into the WO3 and 
thereby color it blue. By incorporating H+ in the structure of WO3, the valence of 
W changes to a mixed valence state composed of W6+ and W5+. At that time, ab-
sorption based on intervalence charge-transfer transitions appears extensively in 
range from the visible-light region (around 450 nm) to the near-infrared-light 
region (around 2000 nm) [19]. The thin film turns blue due to absorption of 
light in the visible-light region. At that time, electrons are conducted between 
the W5+ and W6+ states by hopping conduction, so that the electrical characteris-
tics of the WO3 thin film change, and its insulating property changes to conduc-
tive. Pd was used as a catalyst for dissociating hydrogen molecules into hydrogen 
atoms. The catalytic effect of Pd and Pt is well known as so-called spillover effect 
[20]. The hydrogen atoms dissociated on the Pd are induced into the WO3 film 
by the spillover effect, and tungsten bronze is generated. On the contrary, in the 
absence of hydrogen, the Pd promotes the reaction between the Hx of HxWO3 
and atmospheric oxygen, so it plays a role as a catalyst for generating H2O and 
WO3. Since this reaction is a reversible according to the presence or absence of 
hydrogen, hydrogen can be detected by the coloring of the WO3 thin film. Since 
this reversible reaction occurs at room temperature and selectively reacts with 
only hydrogen molecules, it is possible to develop a high-sensitivity hydrogen 
sensor that operates at room temperature.  

3.2. Low-Temperature Fabrication of WO3 Thin Film by the  
Sol-Gel Method Using Photo Irradiation 

The sol-gel method was used for producing the WO3 thin film. As for this me-
thod, a precursor of an inorganic polymer is generated by chemical reactions 
(hydrolysis and polycondensation) in a solution, and the precursor is applied to 
a substrate and heat-treated to form an inorganic thin film. The general sol-gel 
method requires heat treatment of several hundred degrees in order to cure and  
 

 
Figure 1. Hydrogen detection principle using gasochromism of WO3. 
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densify the thin film [18]; however, as for the sol-gel method used in this study, 
photo irradiation was used for curing the thin film. This method is effective for 
forming an inorganic thin film at low temperature, and it can form an inorganic 
thin film on an organic-resin substrate (which has no heat resistance). It is re-
ported that the sol-gel method using photo-irradiation gives various kinds of 
metal oxide films with good quality at low temperature [21] [22] [23] [24].  

As the WO3 sol-gel solution, tungsten alkoxide (produced by dissolving WCl6 
in ethanol) was used as the starting material. It has already been reported that 
WCl6 produces tungsten alkoxide in alcohol [12]. W(OC2H5)6 reacts with H2O 
present in the solution or in the atmosphere to form a network structure com-
posed of -O-W-O- bond by hydrolysis and polycondensation, resulting in the 
WO3 precursor. 

The sol-gel solution (serving as a WO3 precursor) is applied to a PET-film 
(thickness: 100 μm) substrate, and it is irradiated with 254-nm (ultraviolet) light 
by using a low-pressure mercury lamp. The 254-nm light is almost coincident 
with the absorption wavelength of the metal-ligand charge-transfer absorption 
band of tungsten alkoxide W(OC2H5)6, which is the starting material for forming 
WO3. Since W-OC2H5 bond is selectively broken to yield W-OH species and 
form W-O-W bond by polycondensation, the production of inorganic polymer 
is promoted efficiently. After the sol-gel derived solution is spin-coated on a 
PET, the ozone and active oxygen generated in the atmosphere by the 254-nm 
ultraviolet irradiation penetrate into the film and promote the formation of the 
WO3 thin film. At that time, if the substrate is heated to about 100˚C, the diffu-
sion of active oxygen into the film is accelerated, and a better-quality WO3 film 
is obtained.  

An infrared-absorption spectrum of the WO3 film prepared by the above-des- 
cribed method is shown in Figure 2. The spectra of thin films prepared at room 
temperature, 50˚C, and 100˚C under photo-irradiation are also shown, and for 
the sake of comparison, the spectra of thin films dried at room temperature and 
heated at 300˚C are also shown. The peak of stretching vibration of the generat-
ed WO3-derived W-O-W bond appears around 650 - 820 cm−1. Although in the 
dried product, absorption based on C-H stretching vibration of the alkoxy group 
is observed at around 2800 cm−1, these absorptions were not observed in the case 
of the films irradiated at room temperature, 50˚C, and 100˚C, and strong ab-
sorption by W-O-W bond was observed around 650 - 820 cm−1, suggesting the 
formation of WO3. Furthermore, absorption by W-O-W bond became stronger 
with increasing temperature during photo-irradiation. The spectral pattern of 
the film photo-irradiated at 100˚C is similar to that of the film heat-treated at 
300˚C, indicating that the structure of the photo-irradiated film at 100˚C is sim-
ilar to that of the 300˚C-heat-treated film. It has been reported that a sol-gel film 
heat-treated at low temperature (about 100˚C) shows absorption attributed to 
the W=O bond around 1000 cm−1 and disappears with increasing heat-treatment 
temperature to form a W-O-W network structure [14]. However, in the present 
study, such absorption was not observed in the case of a film produced by pho-
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to-irradiation. This finding suggests that WO3 is generated at a lower tempera-
ture by photo-irradiation. 

3.3. Structure of Hydrogen Sensor 

The structure, appearance, and hydrogen reactivity of the flexible hydrogen 
sensor are shown in Figure 3. A WO3 thin film was formed on a PET film (film 
thickness: 100 μm), and a polystyrene (PS) thin film containing Pd was formed. 
The upper PS film functions as both a support layer of Pd (the catalyst) and a 
protective layer of the WO3 thin film (the sensor layer). The PET film is flexible 
because its thickness is only 100 μm. Furthermore, the adhesion strength of the 
PS(Pd)/WO3 film to PET was high, so the film did not peel off during a tape test  
 

 
Figure 2. Infrared spectra of WO3 films prepared by photo-irradiation. 

 

 
Figure 3. Structure, appearance and H2 sensitivity of flexible H2 sensor. 
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performed according to JIS standards (JIS K5600: Japan Industrial Standard). 
The film immediately turned blue in 100% hydrogen and showed high reactivity 
to hydrogen. Moreover, as soon as the film was re-exposed to air, the color dis-
appeared, and the film returned to its original state. 

SEM images of the surface state of the film are shown in Figure 4. The surface 
state of the WO3 film (without PS formed as an upper layer) was porous with 
many cracks. In the case of the WO3 film in which PS (Pd) was formed as an 
upper layer, cracks are reduced, and penetration of PS (Pd) into the WO3 film is 
confirmed. Cross-sectional TEM observation images and the results of elemental 
analysis by EDX are shown in Figure 5. It can be seen that a WO3 layer (thick-
ness: about 600 nm), connected in the form of particles, is formed on the sub-
strate, and a PS (Pd) layer (thickness: about 90 nm) is formed on top of the WO3 
layer. As for the WO3 layer, since light and dark areas are observed, it can be said 
that this layer is in a porous state. As for the distribution of elements, although 
tungsten is observed to correspond to the WO3 layer, since palladium and carbon  
 

 
Figure 4. Surface SEM images of WO3 and PS(Pd)/WO3 thin films. 
 

 
Figure 5. Cross-sectional TEM images of PS(Pd)/WO3 thin film and EDX analysis. 
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are also observed in the WO3 layer, it is suggested that the PS(Pd) solution pene-
trates into the WO3 layer. Since the specific surface area of the WO3 layer is in-
creased by the porous state, it is considered that the abundance of reaction sites 
with hydrogen is increased, so the film exhibits higher reactivity to hydrogen. It 
is assumed that since the PS solution containing Pd penetrates into the porous 
WO3 layer, the Pd catalyst (exhibiting the spillover effect) is also dispersed in the 
WO3 layer, and the reactivity between hydrogen atoms, which are generated 
form hydrogen molecules by Pd catalyst, and WO3 is enhanced. In addition, PS 
plays a role of adhesion with the WO3 particles and PET film, so it is considered 
to contribute to improving the strength of the hydrogen-sensor film. When the 
adhesive strength of the sensor film in regard to the PET film was examined by a 
tape-peeling test based on JIS standards (JIS K5600), it showed good adhesion of 
100/100 (remaining number/cut number). Since PS has water repellency, it also 
has the effect of preventing deterioration of the WO3 film due to water vapor 
and the like.  

3.4. Transmittance Change with Hydrogen Concentration and Its  
Quantification  

The reactivity to hydrogen of the PS(Pd)/WO3 thin film appears in the change of 
its transmittance curve; accordingly, by tracking this change, it is possible to 
quantitatively evaluate hydrogen concentration. Change in the transmittance 
curve (in the 400 - 2000 nm region) of the PS(Pd)/WO3 thin film when exposed 
to 100% hydrogen is shown in Figure 6. Under hydrogen exposure, the film in-
stantly turned blue, and the transmittance from the visible-light region to the 
near-infrared region was greatly reduced due to the mechanism as shown in 3.1, 
indicating that by incorporating H+ in WO3 thin layer, the valence of W changed 
to a mixed valence state composed W6+ and W5+. In particular, transmittance  
 

 
Figure 6. Transmittance spectra changes after exposure in 100% H2. 
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was the lowest near 1000 nm, at which point the amount of change in transmit-
tance was large. And transmittance decreased drastically—from 90% to 8%—by 
hydrogen exposure. When hydrogen was removed, the transmittance curve re-
turned to its original shape, thereby confirming the reversibility of transmittance. 

Change in transmittance at 1000 nm, at which the largest change in transmit-
tance occurs, when hydrogen concentration is reduced from 4% (the lower ex-
plosion limit) to 1%, 0.5%, 0.25%, and finally to 0.1%, is shown in Figure 7. For 
any of the hydrogen concentrations, transmittance changed greatly when the 
hydrogen was introduced, and when the hydrogen was removed, it immediately 
returned to its original state (Figure 7(a)). The ultimate transmittance differs 
according to the hydrogen concentration, and the higher the hydrogen concen-
tration, the larger the change in transmittance. Taking a log-log plot of the va-
rying transmittance and hydrogen concentration reveals a clear linear relation-
ship (Figure 7(b)). This result indicates that hydrogen concentration can be 
quantified by measuring the change in transmittance due to hydrogen exposure. 
The cycling characteristics of sensor performance due to hydrogen exposure are 
shown in Figure 8. This figure shows that the change in transmittance under 
hydrogen concentration of 4% and the recovery to the initial transmittance when 
the film is re-exposed to air are highly reproducible. 

3.5. Change in Conductivity with Hydrogen Concentration and Its  
Quantification  

A PS(Pd)/WO3 laminated film was formed on a PET film on which a Ti/Pt 
comb-shaped electrode was formed, and the change in the resistance of WO3 thin 
film on the PET film when exposed to hydrogen was measured. The appearance 
of the sensor and the results of the measurements are shown in Figure 9 and 
Figure 10, respectively. Cross-sectional SEM images are also shown in Figure 9.  
 

 
Figure 7. Transmittance changes at 1000 nm after exposure in low concentration H2. 
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Figure 8. Repeated characteristics of H2 exposure. 

 

 
Figure 9. PS(Pd)/WO3 prepared on PET with TiPt electrode. 

 

 
Figure 10. Resistivity changes after exposure in low concentration H2. 
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Porous WO3 layer with about 500 - 550 nm film thickness was observed on Ti/Pt 
electrode (Figure 9(a)) and PET (Figure 9(b)). Outermost layer of Pt is protec-
tive layer which was prepared when forming cross-sectional SEM sample for ob-
servation. When hydrogen was introduced, the resistance decreased significant-
ly, and after 0.2 - 0.5 seconds, the value decreased from a state close to insulation 
resistance (55 MΩ) to 12 - 33 Ω due to hopping conduction of electron between 
W6+and W5+ by forming the mixed valence state of W6+ and W5+. And when the 
hydrogen was removed and air was introduced, the resistance state immediately 
returned to that close to the original insulation resistance. The log-log plot of the 
changed resistance (values after 300 s) when hydrogen at concentration of 4% to 
0.1% was introduced against hydrogen concentration shows a good linear rela-
tionship. This result indicates that hydrogen concentration can be quantified 
from the change in resistance of the sensor. 

As described above, the transmittance and resistance of the developed hydro-
gen sensor instantly change (in terms of color) even at low concentration of hy-
drogen, and the sensor is extremely sensitive to hydrogen. By incorporating both 
changes in transmittance and resistance due to hydrogen exposure into the sen-
sor, it is possible to detect low-concentration hydrogen with high reliability. It is 
also possible to develop a flexible hydrogen sensor because the PS(Pd)/WO3 la-
minated film can be formed on a flexible PET film at low temperature by the 
method (modified sol-gel using photo-irradiation) used in this study. By devel-
oping the compact flexible sensor which is integrated with the areas measuring 
transmittance change and resistivity change on the same PET film, hydrogen gas 
sensor with high accuracy and reliability would be possible. 

3.6. Application of Flexible Sensors to Piping Systems 

Since the hydrogen sensor formed on the PET film is flexible, it can be fitted in 
the form of a film sensor at sites with complicated shapes. The results of an ex-
periment in which hole was formed in a cylindrical cardboard pipe (simulating 
real piping), the film sensor was installed on the pipe, and hydrogen was flowed 
into the cylindrical pipe are shown in Figure 11. It is clear from these results  
 

 
Figure 11. An example of application of flexible hydrogen sensor. 

https://doi.org/10.4236/msa.2020.112008


T. Ohishi et al. 
 

 

DOI: 10.4236/msa.2020.112008 147 Materials Sciences and Applications 
 

that the film sensor is gradually colored blue due to hydrogen leaking from the 
hole in the simulation pipe. The developed film sensor can thus be considered 
useful for visually detecting hydrogen leakage from piping of a hydrogen tank. A 
flexible hydrogen sensor has a high degree of freedom with respect to the loca-
tion where it can be installed; therefore, it can be installed on complex shapes 
such as hydrogen tanks, and that capability will help to prevent explosions due 
to hydrogen leakage. 

4. Conclusion 

A flexible hydrogen sensor based on the gasochromism of WO3 was developed 
by forming a WO3 thin film on a PET film by the sol-gel method using photo ir-
radiation. WO3 reacted with hydrogen gas and instantly turned blue as its 
transmittance changed. High reactivity to hydrogen concentration below 1% 
(1%, 0.5%, 0.25%, and 0.1%), which is the lower limit for a hydrogen explosion, 
and a linear relationship between hydrogen concentration and transmittance 
were found. For that reason, it is possible to quantitatively detect hydrogen con-
centration. Moreover, the resistance of the WO3 film also changed considerably 
and instantaneously due to hydrogen gas exposure, and the hydrogen concentra-
tion and resistance change showed a linear relationship. Accordingly, it is possi-
ble to quantitatively detect low concentrations of hydrogen even by using resis-
tance change as an index. Since the developed sensor is flexible, it has a high de-
gree of freedom with respect to the shape of the location in which it is to be in-
stalled. This sensor technology will contribute to ensuring safety against the risk 
of hydrogen leakage that will accompany the increasing spread of fuel cells and 
hydrogen filling stations in the future. 
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