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a b s t r a c t

A prototype hydrogen detection system using the micro-thermoelectric hydrogen sensor

(micro-THS) was developed for the safety of hydrogen infrastructure systems, such as

hydrogen stations. We have designed a detection part with a pressure proof enclosure

adoptable for the international standard of Exd II CT3, and carried out an explosion

strength test, explosion and fire hazard tests, and an impact test. The hydrogen sensing

performance of the detection part of this prototype system showed a good linear rela-

tionship between the sensing signal and hydrogen concentrations in air, for a wide range of

hydrogen concentrations from 10 ppm to 40,000 ppm (4 vol.%). This prototype detection

system was installed in the outdoor field of the hydrogen station and the response for H2

gas in air of 100 ppm, 1000 ppm, and 10000 ppm was tested monthly for 1 year.

ª 2009 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights

reserved.
1. Introduction The catalytic combustion-type sensor is widely used as
To prevent the real and perceived hazards of hydrogen fuel

use, extensive safety precautions must be put in place before

any serious movement can be made towards a hydrogen base

energy in the future. The current strict regulation for

a hydrogen station needs the installation of suitable safety

systems including hydrogen detectors. Therefore, the need for

highly sensitive, selective, stable, and robust gas sensors is

growing, and much research and development has been

conducted in the field of hydrogen sensors for hydrogen

leakage detection [1–4]. However, hydrogen gas sensors that

can quickly, reliably, and durably detect hydrogen over a wide

range of hydrogen and moisture concentrations are not

currently available. Therefore the development of a hydrogen

sensor which can detect from low (ppm level) to high

concentrations (% level) in air with high precision and

endurance is important.
1; fax: þ81 52 736 7244.
. Nishibori).
ational Association for H
a leak detection alarm because it provides good perfor-

mance in durability and stability. This sensor can detect

hydrogen concentrations from 1000 ppm to several %.

Leakage detection in the lower concentration range is also

important for the safety of hydrogen facilities, and the

semiconductor-type SnO2 sensor is used for this lower

concentration range from several ppm to 2000 ppm.

Currently, most hydrogen stations operating in Japan have

adopted an alarm system that combines a semiconductor-

type sensor [5] and a catalytic combustion-type sensor [6].

Fig. 1 compares the gas detection principles of the catalytic

combustion-type gas sensor [7] and the thermoelectric gas

sensor [8]. The catalytic combustion-type sensor detects

hydrogen by the increase in the temperature of the sensor

element generated by the heat of catalytic combustion of

hydrogen (¼ resistance change in a platinum coil heater).

This sensor becomes insensitive for low gas concentrations,
ydrogen Energy. Published by Elsevier Ltd. All rights reserved.
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Fig. 1 – Gas detection principle of the micro-THS.

Si Si3N4/SiO2 SiO2

SiGe-TE Pt/Ta Catalyst
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(4)
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Fig. 2 – Fabrication processes of the micro-THS. (1)

Thermoelectric SiGe pattern processed by sputter

deposition photolithography and RIE etching, (2) SiO2

passivation by PECVD window etching by RIE and Pt heater
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therefore it is used for a hydrogen concentration range of

1000 ppm to several %.

A micro-thermoelectric hydrogen sensor (micro-THS)

operates on the basis of the oxidation of hydrogen by a Pt/

alumina catalyst combustor, similar to the catalytic combus-

tion-type sensor. The micro-THS consists of a thermoelectric

film, a symmetrical micro-heater, and a Pt/alumina catalyst

integrated on its surface. When the Pt/alumina catalyst

oxidizes hydrogen gas and releases the combustion heat,

a local temperature gradient occurs between a hot point and

a cold point on the device. This temperature gradient is con-

verted into voltage by the Seebeck effect of a thermoelectric

SiGe thin film. This structure was developed several years ago

to improve the sensitivity [9–11], and this sensor can detect

a very wide range of hydrogen concentrations from 0.5 ppm to

50,000 ppm (5 vol.%) in air [12]. We have also found that

a ceramic catalyst enhances the long-term stability of the

hydrogen detection performance [13].

We have prepared a prototype hydrogen detection system

with a micro-THS integrated in a flameproof sintered metal

cap and pressure proof enclosure and have evaluated its

hydrogen sensing performance. Moreover, we have per-

formed a field test on this prototype hydrogen detection

system (hereinafter referred to as the prototype system)

installed in a hydrogen station to measure the response to

hydrogen of 100, 1000, 10,000 ppm in air, for 1 year.

lift off, (3) passivation and window opening, (4) ceramic

catalyst deposition by dispenser.
2. Fabrication of the micro-sensor device

To enhance the output signal of the micro-THS, it is necessary

to lower the thermal capacity of the device. The three

components, a thermoelectric converter, a catalyst, and the

micro heaters, are integrated in the thin dielectric membrane,

which can reduce the total heat capacity and heat transfer.

Fig. 2 shows the fabrication process of the micro-THS device

developed for these requirements.

Micro-THS devices with a chip size of 4 � 4 mm2 were

fabricated using an SiGe thermoelectric thin film and Pt heater

patterns including a hot-plate type membrane releasing wafer

process. The details of the micro-fabrication process have

been reported previously [9,10]. The Pt/alumina catalyst was

prepared by the impregnation of an alumina powder

(a-alumina, 100 nm, Taimicron, Taimei Chemicals Co., Ltd.)
with an aqueous solution of platinum(IV) chloride pentahy-

drate. The powder of the catalyst was mixed with an organic

vehicle (a blend of terpineol and ethyl cellulose) to make

a ceramic paste. A drop of the ceramic paste was dispensed on

the micro-heater meander using the dispenser technique [9].

The size of the catalyst was controlled to keep it constant at

0.6 mm in diameter by controlling the dispensing time and the

air pressure. After the deposition, the ceramic paste was

baked in air at 300 �C for 2 h.

The Pt content of the Pt/alumina catalyst in this study was

fixed at 40 wt.%, which was found to be optimum by the

previous study [11]. The grain size of the Pt metal was esti-

mated to be 3 nm by transmission electron microscopy (TEM,

JEOL, JEM2010) observation after baking.
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The driving temperature of the micro-THS is controlled at

100 �C on the catalyst surface for hydrogen-selective detec-

tion. It has already been reported that high selectivity for

hydrogen is achieved because only hydrogen gas burns on the

catalyst at lower than 100 �C [8].

Fig. 3 shows the package of the micro-THS with the

flameproof sintered metal cap. The chip was mounted on

the plastic base and the electrode of the chip was connected

to the terminal of the base with Au wires. The micro-THS uses

the local temperature gradient generated by the combustion

heat of the catalyst, and the thermoelectric device acts as

a micro-calorimeter. The signal of this micro-calorimeter

device can be easily affected by the air flow, like the flow

sensor. The flameproof sintered metal cap not only prevents

adhesion of dust but also influences the air flow. If the metal

cap is too porous, the effect of dust and wind becomes serious.

But if it is too compact, the response for the hydrogen gas

becomes worse. We investigated the influence of the package

structure on the gas detection characteristics and applied the

package that was most suitable for the micro-THS.
Terminal pin

Fig. 3 – Sensor package with sintered metal cap.
3. Prototype system

3.1. Design of the detection part

In order to install the micro-THS at the hydrogen station,

which is a hazardous area, safety technologies such as the

explosion-proof structure of the flameproof sintered metal

cap and a pressure proof enclosure are necessary. We have

designed a detection part with the structure of the pressure
Fig. 4 – (a) Structure of the pressure proof enclosure designed in this study. (b) Photo of the structure of the pressure proof

enclosure after impact test.
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Fig. 5 – Schematic circuit diagram of the detection part of the prototype system with the micro-THS. The Pt heater (R)

increases with temperature by 0.35%/K approximately.
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proof enclosure adoptable for the international Exd II CT3

standard [14–16], and carried out explosion-proof tests and

impact tests. Fig. 4(a) shows the schematic of the detection

part of the structure with the pressure proof enclosure

designed in this study.

The explosion-proof test includes an explosion strength

test and explosion and fire hazard tests. For the explosion

strength test, a test gas is injected into the explosion-proof

structure placed inside the flameproof electric equipment, and

forced ignition is induced to confirm the tolerance of the

enclosure against explosive pressure. For the explosion and fire

hazard tests, a test gas is injected both inside and outside the

explosion-proof structure, and forced ignition is induced inside
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Fig. 6 – Hydrogen sensing performance of the micro-THS

with the flameproof sintered metal cap for a wide range of

hydrogen concentrations in air.
to confirm that the flame induced inside the flameproof sin-

tered metal cap does not ignite the test gas outside. For these

tests, hydrogen and acetylene were used as the test gases.

An impact test is carried out to confirm the impact strength

of the pressure-proof enclosure of the flameproof electric

equipment against the impact induced by dropping a plumb

bob (impact strength). For this test, a plumb bob of 1 kg was

dropped on the pressure proof enclosure from a height of

0.7 m which is comparable to impact energy of 7 J.

For the explosion strength test, it was confirmed that

there was no damage or deformation of the pressure proof

enclosure by the explosion. For the explosion and fire hazard

tests, it was confirmed that the flame which occurred inside

the flameproof sintered metal cap did not diffuse outside

the detection part. For the impact test, it was confirmed that

the pressure-proof enclosure was not damaged by the impact,

as shown in Fig. 4(b).
3.2. Signal processing of indicator

Analog data transfer of 4–20 mA as in a conventional gas

alarm system has not enough resolution to take advantage of

the wide range of gas concentration detection of the micro-

THS, 0.5–50,000 ppm hydrogen in air. For the development

of the measurement part, the signal transfer system was
Table 1 – Indication performance of the sensor indication
module for a wide range of hydrogen concentrations in
air (at 1 L/min).

H2 concentration in air (ppm) 0 10 100 1000 10000 40000

Indication of sensor

module (ppm)

0 10 90 980 10000 39800
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Fig. 7 – Sensing performances of the 3 micro-THSs for (a)

10,000 ppm, (b) 1000 ppm and (c) 100 ppm hydrogen in air

using the 100-L volume gas diffusion-type test chamber.

Table 2 – Response time (T90) of the micro-THS.

Device no. 1 2 3

10,000 ppm H2 in air 3.0 2.5 2.0

1000 ppm H2 in air 3.0 2.5 3.0

100 ppm H2 in air 3.5 3.5 3.5
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changed to digital RS485 communication from the analog data

transfer rule of the 4–20 mA output as shown in Fig. 5. With

this improvement, the 12 bit indication of the hydrogen

concentration, 0–40,000 ppm, with a digit of 10 ppm becomes

possible.

The micro-THS has a problem in that the sensing perfor-

mance can be reduced in a chilly atmosphere. For a catalyst

temperature of 100 �C, the sensing performance of an atmo-

sphere of �20 �C decreases by 20% compared with that of the

ambient atmosphere of 20 �C. In the chilly conditions, the

catalyst temperature cannot be kept at 100 �C if the heater

driving voltage is fixed to be constant. To keep the tempera-

ture of the catalyst integrated on the micro-THS constant is

important for the precise detection of the hydrogen

concentration.

To overcome this problem, the detection part has been

modified to control the power of the micro-heater against the

environmental temperature. Fig. 5 shows a schematic circuit

diagram of the detection part of the prototype system which

consists of an output signal processing block and a heater

driving circuit. The resistance of the micro-heater Pt line

changes with the environmental temperature. The heater

current is fed back by this OP amp feedback bipolar driver.
4. Sensing performance of the prototype
system

4.1. Detection range and response time

Fig. 6 shows the hydrogen sensing performance of the micro-

THS with the flameproof sintered metal cap for a wide range

of hydrogen concentrations in air. The sensing performance of

this sensor showed a good linear relationship between the

voltage signal and hydrogen concentrations in air, for a wide

range of hydrogen concentrations from 10 ppm to 40,000 ppm

in air. Therefore, the sensor indication module has to be

prepared for a wide range of hydrogen concentrations in air.

Table 1 shows the indication performance of the sensor

indication module of the prototype system with the pressure-

proof enclosure for a wide range of hydrogen concentrations

in air. We confirmed that the sensor indication module can

respond for a wide range of hydrogen concentrations from

10 ppm to 40,000 ppm in air.

Fig. 7 shows the sensing performance of the three micro-

THSs for 10,000 ppm, 1000 ppm and 100 ppm hydrogen in air.

These performance tests were carried out using the pressure

proof enclosure in the 100-L volume gas diffusion-type test

chamber. For the gas response measurement, an appropriate

amount of pure hydrogen gas was injected into the 100-L

chamber. The sensing signal increased fast as the ambient

atmosphere in the test chamber turned from air into hydrogen



Fig. 8 – Photo of the sensing performance test using the

pressure proof enclosure with gas flow of 1 L/min.

Table 3 – Alarm output time of the prototype system.

Alarm level (ppm) 100 500 1000 5000 10000

Test H2 gas concentration

(ppm) at 1 L/min

160 800 1600 8000 16000

Alarm output time (s) 4.7 4.6 4.4 4.1 4.0

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 3 4 ( 2 0 0 9 ) 2 8 3 4 – 2 8 4 1 2839
mixed gas, and the signal decreased fast as the ambient

atmosphere in the test chamber turned into air. Table 2 shows

the response time which is calculated from Fig. 7. The average

response time (T90) is 2.5 s for 10,000 ppm hydrogen in air, 2.8 s

for 1000 ppm hydrogen in air, and 3.5 s for 100 ppm hydrogen

in air. We have confirmed that the response time of the micro-

THS is fast, not only for a high hydrogen concentration of

10,000 ppm in air but also for a low hydrogen concentration of

100 ppm in air.

Table 3 shows the alarm output time of the prototype

system for a wide range of hydrogen concentrations from

100 ppm to 10,000 ppm. In this test, the alarm output time was

measured using test hydrogen gas concentrations of 1.6 times

the alarm level and the hydrogen response performance was

investigated using an applicator as shown in Fig. 8. The test

gas supply was applied to the sensor device installed in the

pressure proof enclosure via the applicator at the rate of 1 L/

min by a diaphragm pump. The prototype system demon-

strated a fast response within 5 s at the alarm level of 100 ppm

to 10,000 ppm. Although the prototype system reads out the

output sensing signal without delay, the alarm output time is

intentionally delayed for 2.0 s by the delay function of the

prototype system after reaching the alarm level. This is the

reason that the alarm output time of the prototype system is

delayed for 1.0–2.0 s compared with the response time of the

micro-THS which is shown in Fig. 7.
Liquid H2

(1) accumulator (2) compressor

(1) (2)

a

b

Fig. 9 – (a) Schematic of the location of the detector in the hydro

accumulator, (2) compressor, (3) dispenser.
4.2. One-year field test of the prototype system at
a hydrogen station

For real application, it is important to evaluate the reliability

of the prototype system under an actual environment, in

order to demonstrate whether the performance of this system

is good enough for practical use or not, and to figure out any

problems in long-term operation. In this study, the prototype

system with the micro-THS was installed in the outdoor field

of Ariake hydrogen station [17] in Tokyo, Japan, as shown in

Fig. 9(a), and the performance tests were carried out monthly

for 1 year.

Fig. 9(b) shows the detection parts of the prototype system

installed in the hydrogen station. The detection parts of the
Fuel-cell vehicle

(3) dispenser

(3)

gen station. (b) Photos of the installed sensors, (1)
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Fig. 11 – Sensing performance of the prototype system

installed at the inside of the dispenser box for a low

hydrogen concentration of 100 ppm in air through 1 year.

Absolute humidity values are shown with the

measurement dates.
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prototype system are installed in the upper part of the accu-

mulator (1), the upper part of the compressor (2) and inside the

dispenser box (3), and the variation in the value of the

hydrogen concentration of each module for 10,000 ppm,

1000 ppm and 100 ppm hydrogen in air was monitored

monthly.

Fig. 10 shows the change of the hydrogen sensing perfor-

mance for each prototype system for 1 year and the change in

the absolute humidity at the Ariake hydrogen station for this

field test period. For 100 ppm hydrogen in air, the indication of

the sensor module changed in the range of 10–80 ppm and

decreased in the summer season. For 1000 ppm hydrogen in

air, the indication of the sensor module changed in the range

of 350 ppm to 980 ppm and also decreased in summer for

100 ppm hydrogen in air. For 10,000 ppm hydrogen in air,

although the indication of the sensor module changed in the

range of 9560 ppm to 10,180 ppm, there was almost no

decrease in the indicated value in the summer season. The

indication of the sensor module at 100 ppm and 1000 ppm in

air recovered in winter.

We monitored the resistance of the Pt heater remained

constant as a temperature sensor to confirm the catalyst

temperature was also kept constant. As the catalyst temper-

ature remained constant throughout the year, it seems that

the decrease in sensing performance of the prototype system

is the effect of humidity. The absolute humidity was calcu-

lated to be 19.98 g/m3 (28,500 ppm) and 1.77 g/m3 (2280 ppm)

for relative humidity of 59% at 32 �C and 20% at 9 �C, respec-

tively. In the summer season, the concentration of water

vapor is about 30 times the hydrogen test gas concentration of

1000 ppm. The micro-THS with a catalyst temperature of

100 �C cannot oxidize the hydrogen effectively against this

high water vapor concentration. The influence of humidity

can be disregarded at a catalyst temperature above 125 �C [18].

With a catalyst temperature of 125 �C, it suggests that the

indication of the sensor indication module becomes constant

in the summer season and stable even at low hydrogen con-

centrationsof 1000 ppm and 100 ppm.

Fig. 11 shows the sensing performance of the prototype

system for a low hydrogen concentration of 100 ppm in air
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Fig. 10 – Difference in the hydrogen sensing performance of

each module for 1 year and the change in absolute

humidity at the Ariake hydrogen station.
through 1 year. The response time of the low concentration

becomes slow in the summer season and recovers in the

winter season. The delay of the response is a typical

phenomenon of degraded catalyst performance in the cata-

lytic combustion detection of a low gas concentration, and

becomes prominent in humid conditions, as the amount of

combustion heat is small and the temperature increase of the

catalyst is extremely small. Moreover, this typical phenom-

enon is reversible, so-called falling asleep of the sensor, and

can be recovered from the low sensitivity state of the sensor

by the exposure of hydrogen gas. To avoid this falling asleep,

one should increase the temperature of the catalyst, but at the

same time, lose the gas selectivity of the catalytic combustion.

The sensor in this test has low catalyst temperature to realize

hydrogen selectivity, which induces easily the falling asleep,

shown as the data for June 28 in Fig. 11.

Further investigations to solve this problem, for example,

a short-pulse heating of the catalyst between the detection is

now being tested to see if this improves the sensor perfor-

mance or not.
5. Conclusion

The micro-THS is an innovative sensor element. The charac-

teristics of low power consumption and a response time of

several seconds of this sensor are not seen in the existing

hydrogen sensors. This micro-THS satisfies the initial perfor-

mance demanded of a hydrogen leak sensor for hydrogen

stations. Durability improvement of the sensor device and the

development of a reliable module will be necessary in the

future to accomplish practical use of the micro-THS.

This new hydrogen sensor is a most important beginning

for hydrogen infrastructure. We expect that this sensor tech-

nology will contribute to early realization of a hydrogen

energy society in the future.
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