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The sensing performance of a sol-gel-derived Pt/WO; film used in an optical hydrogen
gas sensor was evaluated and optimized. The Pt/WO; film was deposited on a quartz glass
substrate by the sol-gel method based on the acidification of Na,WO3 aqueous solutions. Optical
transmittance changes of the films as a result of exposure to hydrogen-containing gas were
measured in the near-infrared region. The sensor performance was severely affected by fabrication
parameters such as annealing conditions, precursor concentration, and catalyst loading. In the case
of annealing at 500 °C, high sensitivity and fast response were obtained. An annealing time of at
least 0.5 h was required to attain stable performance, and long annealing times had no effect on the
sensitivity. However, the sensor performance and transparency of the film became poorer in the
case of a ratio of over 0.4. The atomic ratio of Pt to W showed a considerable effect on the sensing
characteristics. Both the sensitivity and response kinetics were promoted with increasing Pt
loading. When the ratio was about 0.35, maximum sensitivity was observed. The concentration of
the Na;WO4 solution used in the sol—gel process was also an important parameter. The sensitivity
increased with increasing concentration since the thickness of the sensing film increased. The
dependence of response speed on concentration was larger than that of recovery speed. When the
film was exposed to Hy/N, gas, good response was observed; the hydrogen detection limit was
about 0.001 vol% and minimal influence of water vapor was noted. The sensing performance,
however, became poorer because oxygen inhibited the reaction when the film was exposed to
hydrogen-containing air.

1. Introduction

As a countermeasure against global warming, a clean energy system using hydrogen has been
attracting much attention. In a renewable energy system, hydrogen is produced from water by
electrolysis which utilizes electricity generated by solar, wind, hydraulic, or geothermal power.
However, areas where such natural resources are abundant are dispersed around the globe. To
realize this energy system, technologies for safely transporting and storing a vast amount of
hydrogen as the energy carrier are indispensable.

Hydrogen has a large diffusion coefficient because of its small molecular size, meaning that
hydrogen gas easily leaks from storage containers and pipelines. Hydrogen gas also has highly
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explosive characteristics. In addition, it ignites with a very small input of energy in the hydrogen
concentration above its lower explosion limit and the burning velocity is very high."? Therefore,
the continuous, sensitive, and reliable monitoring of hydrogen leakage at storage or usage sites is
required for reducing the risk of explosion. For example, a hydrogen sensor available in Europe
gives a fast and reliable indication of danger at values of 20% of the lower explosion limit (0.8
vol%) and a final alarm at values of 40% (1.6 vol%).®)

Thus, so far, various hydrogen gas sensors such as a thermochemical type,”) a semiconductor
type,® and others have been proposed and used. Among them, optical methods such as fiber-optic
gas sensors have the advantages of being explosion-proof and immune to electromagnetic noise.®

Most optical sensors are based on changes in the optical properties of chemochromic materials
such as palladium,”) metal oxides,®” metal hydrides,'” and magnesium-containing alloys.!"
The coloration and bleaching of films upon exposure to a certain gas is defined as gasochromism,

(12) and

which recently have generated considerable attention for applications to smart windows
gas sensors.”) Tungsten trioxide using palladium or platinum as the catalyst for the dissociation
of the hydrogen molecule is a typical candidate for a gasochromic material. !> These films are
nearly transparent in air atmosphere. They change to a dark blue color with exposure to hydrogen
gas.!? At room temperature, the gasochromic color reaction of a Pd- or Pt-loaded WO3 film
readily proceeds when the film is exposed to hydrogen gas.!? The authors have been developing a
hydrogen sensor device based on the sol—gel-derived platinum-supported tungsten trioxide (Pt/WO3)
thin film and have demonstrated its performance as a sensor.”)

Many researchers reported that the gasochromic performance of WOj is severely influenced by
fabrication parameters such as annealing conditions, catalyst loading, and others.**™'") To achieve
low-cost and high-performance sensors, further improvements and optimization of sensing film
are needed. In this study, the dependence of the sensing characteristics of sol-gel-derived Pt/WO;
film on the film-forming conditions was intensively evaluated. In addition, sensing performance
in response to various conditions involving hydrogen gas was assessed.

2. Sensing Principle
The principle of the gasochromic reaction is described in the following equations.!®
(x/2)Hy — xHaq — xH' + xe~ (1)
WO3 + xH" + xe” - HWOs3 )

The color of the film is grayish and it is semitransparent in air. In the presence of hydrogen gas,
hydrogen molecules dissociate on the Pt catalysts into hydrogen atoms (H,q). Hydrogen ions and
free electrons are formed through a spillover process. They react with tungsten trioxide to form a
dark blue tungsten bronze in the color reaction. Therefore, the optical power transmitted through
the film attenuates in a hydrogen-containing atmosphere.

In an oxidizing atmosphere, the regeneration of WOj3 results in bleaching [Egs. (3) and 4)].09

(x40, — (x/2)0 3)

H,WO3 + (x/2)0 - WO3 + (x/2)H,0 “)
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3. Sensor Fabrication and Experimental Setup

The experimental procedures for the sol—gel method to prepare sensing films are as follows.
First, the sodium tungstate aqueous solution was passed through a cation exchange resin in
hydrogen form. The resultant colloidal tungstic acid solution was mixed with a hexachloroplatinic
acid solution and an ethanol/water solution. The amount of hexachloroplatinic acid solution used
is related to the Pt/W ratio. The solution was then spin-coated (500 rpm, 5 min) on the substrate.
The coating was dried at room temperature and annealed in air under different experimental
conditions. X-ray diffraction (XRD) was used to investigate the crystal structure of the sensing
films.

Figure 1 shows the experimental setup for evaluating the gasochromic behavior of Pt/WO3
thin films. The test sample was placed in an airtight gas chamber with collimator lenses for
transmittance measurements. These lenses were connected to a near-infrared laser-diode light
source (1.3 pum, Anritsu Co., MG9001A) and an optical power meter through a transmission
multimode optical fiber cable. The near-infrared light sources are widely utilized in fiber optics
telecommunication systems. Therefore, the evaluation of sensing characteristics of the Pt/WO3
film at this wavelength is important for assessing its applicability to advanced fiber-optic gas
sensor devices. Hj/N» or Hp/air dry gas was used for hydrogen detection, and dry air was passed
through for the recovery process. All experiments were conducted at room temperature.

Figure 2 shows a typical gasochromic response to hydrogen gas. The ordinate in the figure
represents normalized optical power with respect to the steady-state transmitted power in air. The
transmittance of the sample was high since the Pt/WOj3 film was semitransparent in air. When the
film was exposed to hydrogen gas, the transmitted power sharply decreased and reached steady
state. The coloration resulted from the high optical absorption coefficient of tungsten bronze
formed by hydrogen reduction. In this study, the response width is defined as sensitivity. When
the hydrogen-containing atmosphere was replaced with dry air, the recovery reaction proceeded.
However, the recovery speed was slower than the response. To analyze this response kinetic, we
also defined initial response and recovery rate as the slopes of the normalized response curves.

Air H, N,

Light out

500mL/min

Gas out

Gasin

Water bubbling

Lightin PLWO, thin film on
quartz glass substrate

Light source .
1300 nm Optical fiber

Fig. 1. (Color online) Experimental setup to measure change in transmittance caused by the gasochromic
reaction.
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Fig. 2. (Color online) Typical gasochromic response to hydrogen gas.

4. Results and Discussion
4.1 Pt/W ratio

Figure 3 shows the effect of the Pt/W ratio on sensing performance. A strong dependence of
the response curve on Pt/W ratio was observed. The sensitivity was enhanced by large Pt loadings
and saturated in the high loading range. The response and recovery speed start to decrease with
increasing Pt loading in the range exceeding this optimal ratio. It would result from the decrease
in the effective reaction surface area with the progress of the aggregation of Pt catalyst particles
in the dry annealing process. At high loading values above 0.4, the optical quality of the film
deteriorated.

4.2 Precursor concentration

Figure 4 shows the effect of precursor concentration on sensing performance. A strong
dependence of the response curve on precursor concentration was observed. Not only the
sensitivity but also the reaction rate gradually increased with increasing concentration. It is
suggested that the film is porous and this enhancement results from increasing film thickness.
Generally, it is considered that the film thickness increases with increasing viscosity of the
precursor solutions.'” If the viscosity is positively correlated with the precursor concentration, the
film thickness would increase with increasing concentration. It would result in an enhancement of
the sensitivity and a reduction in the response speed since it takes much time to diffuse hydrogen
gas into the inner region of the film. However, the response speed rather enhanced as shown in
Fig. 4(b). Therefore, the film would have sufficient porosity to enable hydrogen gas molecules
to easily pass through the film although such morphologies could not be observed from SEM
images. This concentration dependence suggests that the sensor performances could be improved
by increasing the precursor concentration. Owing to the large solubility of sodium tungstate
(approximately 1.3 mol/L), further improvement would be possible in principle up to this limit
value.
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Fig. 3  (Color online) Dependence of sensing parameters on Pt/W ratio. (a) Sensitivity and (b) reaction rate.
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Fig. 4. (Color online) Dependence of sensing parameters on precursor concentration. (a) Sensitivity and (b)
Reaction rate.

4.3 Annealing temperature

Figure 5 shows the effect of annealing temperature on sensing performance. The effect of
annealing temperature is somewhat complicated. For example, although the maximum value of
sensitivity was obtained at 550 °C, the response kinetics at that temperature are relatively poor.
Considering the trade-off, an annealing temperature ranging from 450 to 525 °C would be suitable
for a sensor. The annealing temperature would affect both the crystal structure and morphology
of the film. However, considerable changes in the morphology could not be detected in this
experiment. Therefore, we mainly focused on the microscopic structural properties including
WO;3 crystal growth and Pt segregation. To study these responses in more detail, XRD analysis
was used to investigate the crystalline structure of the film. Figure 6 shows XRD patterns at
different annealing temperatures. In the low-annealing-temperature region, sensitivity and
reaction rate sharply increased. This suggests that many metallic platinum particles, which have
a high catalytic activity, would be produced by the thermal decomposition of platinic acid during
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Fig. 5. (Color online) Dependence of sensing parameters on annealing temperature. (a) Sensitivity and (b)
reaction rate.
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Fig. 6. (Color online) XRD patterns of Pt/WOs thin films at different annealing temperatures.

this annealing process. In the case of annealing at 400 °C, there was no peak. The other patterns
show that crystalline WOs is formed when the annealing temperature is higher than 500 °C. We
observed two main peaks. The lower-angle and strong peak around 23.5° seems to be composed
of two or three distinct peaks. The intensities of these peaks increased as annealing temperatures
were increased. In addition, a new small peak at 40° appeared in the XRD pattern at 600 °C.
This peak must result from platinum. In addition, the agglomeration and the crystal growth of
metallic platinum particles would also take place. This would inhibit the crystal growth of WO3
as indicated by the decrease in the intensity of the peaks in the high-annealing-temperature region.
The nanocrystalline WO3 would be the dominant species under this optimal condition. Above
this annealing temperature region, the crystallization of WO; readily proceeded, which led to an
increase in coloration efficiency. On the other hand, a segregation of Pt simultaneously occurred
and would result in a reduction of coloration rate.
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4.4 Annealing time

Finally, the effect of annealing time on sensing performance was evaluated as shown in Fig. 7.
At least 30 min of annealing was required to attain stable sensitivity, and longer annealing times
had no effect on the sensitivity. In terms of response rate, annealing for 60 min was the best. The
reproducibility of the sensor response could not be obtained in the case of an annealing time of less
than 30 min. In the initial stage of annealing, not only crystal growth but also various physical and
chemical phenomena occur. For example, the structural water preserved in the hydrate of WO;
is discharged with the phase transition and the catalyst precursor decomposes to form platinum
particles. In this case, the film would contain residual impurities such as water and chloride.
It is indicated that these lead to the degradation of sensitivity and reaction rate due to catalyst
poisoning.

In conclusion, optimum conditions for the preparation of Pt/WOjs thin film were the following:
Pt/W ratio, 0.35; precursor concentration, 0.3 M; annealing temperature, 500 °C; and annealing
time, 60 min. Figure 8 shows the SEM image of the cross section of the film derived under these
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Fig. 7. (Color online) Dependence of sensing parameters on annealing time. (a) Sensitivity and (b) reaction rate.
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Fig. 8. SEM image of the cross section of Pt/WOj3 thin film derived within optimum conditions: Pt/W, 0.35;
precursor concentration, 0.3 M; annealing temperature, 500 °C; and annealing time, 60 min.
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conditions. Film thickness was 0.727 um. The repeatability of the optical response of the film
prepared under these conditions with 1% Hy/N, gas is shown in Fig. 9. This film also has good
repeatability in response to a short period of measurement. Next, the detailed sensing performance
of the thin film derived by this method was evaluated.

4.5 Sensing performance of the film under various conditions of hydrogen gas

Figure 10 shows sensing behavior for various concentrations of H»/N, gas [Fig. 10(a)] and Ho/air
[Fig. 10(b)]. According to Fig. 10, sensing performance depends on hydrogen concentration. In this
study, the Pt/WOj3 thin film responded to 0.001% Hy/N; gas, while it responded to 0.1% Hy/air. That
difference was caused by the presence of oxygen. When the film was exposed to Hy/air, both the
color reaction [Egs. (1) and (2)] and the bleaching reaction [Egs. (3) and (4)] occurred simultaneously.
Therefore, sensing performance was worse in Hy/air than in Hy/N; gas.

Then, the effect of water vapor on sensing performance was investigated. Humid hydrogen
gas made by introducing water from a bubbler was introduced into the testing chamber, which was
used to evaluate the sensing performance under wet conditions. Figure 11 shows the response to
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3% hydrogen gas under various conditions. The sensing performance to Hy/N; gas was slightly
different between dry and wet conditions. On the other hand, recovery speed became faster. This
means that moisture in hydrogen gas promotes bleaching [Egs. (3) and (4)]. Therefore, sensing
performance was worse in wet Hy/air than in dry Ho/air .

To evaluate the dependence of the response to hydrogen concentration quantitatively and to
confirm the differences in the mechanism of response between several conditions, an analysis of
response rates using the Beer—Lambert law [Eq. (5)] was carried out.

A =log(lnax/l) = ecL )

(4: absorbance [-]; &: absorption coefficient [L/(mol-cm)]; ¢: concentration of tungsten bronze [mol/L]; L:
optical path length; 7,4, transmitted light intensity at the baseline [-]; /: transmitted light intensity at
the time [-])

The term 1/, is normalized optical power. Absorbance was calculated as a result of taking
the logarithm of the inverse value of the sensor output. By using Eq. (5), the response graph could
be converted into absorbance—time graph (Fig. 12). Figure 13 shows the initial slope of the A—¢
curve (AA/At) versus hydrogen concentration. The reaction order of the gasochromic reaction can
be obtained from the slopes of the approximate straight lines in the plots in Fig. 13 because 4 is
proportional to ¢ if ¢ and L are constants in Eq. (5). Figure 13 confirms these facts. First, response
rates depended on hydrogen concentration. Second, the response mechanism when the film was
exposed to Hy/N» gas was different from that when H»/air was introduced into the testing chamber;
the reaction order of the response to Hy/N, gas was about 0.5 and that to Hy/air was about 1.0.
Hydrogen sensors are used in the presence of oxygen, so response inhibition by oxygen is a serious
problem that must be overcome.

5. Conclusions

The dependence of gasochromic characteristics on the parameters in the sol—gel method was
intensively studied. The effects of parameters such as annealing conditions and catalyst loading in
the fabrication process on sensor performance were evaluated. When the atomic ratio of Pt to W
was about 0.35, maximum performance was obtained. The sensor performance and transparency
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of the film deteriorated when the ratio was over 0.4. The sensitivity was enhanced when the
precursor concentration was increased because the thickness of the sensing film increased. In the
case of annealing at 500 °C, high sensitivity and fast response were obtained. At least 30 min of
annealing time was required to attain stable performance, and long annealing times had no effect
on sensitivity.

The sensing performance of films to various concentrations of hydrogen gas under dry/wet
conditions was also studied. When the film was exposed to Hy/air, the sensing performance
degraded compared with that when it was exposed to Hy/N> gas because oxygen in air caused a
bleaching reaction in the response. Optical measurements in a wet atmosphere revealed that water
vapor promoted the bleaching reaction. Response rates were analyzed to quantify the dependence
of the optical response of the film on hydrogen concentration and to confirm the different
mechanisms of gasochromic reaction in response to Hy/N» gas and Hp/air. More study is needed to
remove the effect of the reverse reaction on sensing performance in the response process.
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