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Abstract A triple-layered PMMA/Ni64Zr36/PDMS hydrogen gas sensor using hydrogen permeable alloy and flexible polymer

layers is fabricated through spin coating and DC-magnetron sputtering. PDMS(polydimethylsiloxane) is used as a flexible

substrate and PMMA(polymethylmethacrylate) thin film is deposited onto the Ni64Zr36 alloy layer to give a high hydrogen-

selectivity to the sensor. The measured hydrogen sensing ability and response time of the fabricated sensor at high hydrogen

concentration of 99.9 % show a 20 % change in electrical resistance, which is superior to conventional Pd-based hydrogen

sensors, which are difficult to use in high hydrogen concentration environments. At a hydrogen concentration of 5 %, the

resistance of electricity is about 1.4 %, which is an electrical resistance similar to that of the Pd77Ag23 sensor. Despite using

low cost Ni64Zr36 alloy as the main sensing element, performance similar to that of existing Pd sensors is obtained in a highly

concentrated hydrogen atmosphere. By improving the sensitivity of the hydrogen detection through optimization including of

the thickness of each layer and the composition of Ni-Zr alloy thin film, the proposed Ni-Zr-based hydrogen sensor can replace

Pd-based hydrogen sensors.
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1. Introduction

Hydrogen is widely regarded as the future clean fuel of

major industries. However, since hydrogen sensor is still

not perfect in order to prevent hydrogen leakage accident,

DOE or NASA of USA have been continuing research

and development on hydrogen sensor. The reason why

hydrogen sensors cannot detect hydrogen completely is

because of the special properties of hydrogen gas, which

requires more precise and complete detection and function

than similar combustible gases(CH4, C3H8, etc.) detection

sensors. In addition, since hydrogen has a very high

flame speed, even if a small amount of hydrogen leaks

into the air, it easily explodes with a little ignition heat.

Therefore, it is essential to secure the stability of hydrogen

gas. Research on the detection of leaking hydrogen gas is

being carried out in parallel with the development of

various hydrogen technologies such as production, trans-

portation, and storage of hydrogen energy.1-6)

Recent studies have been carried out with Pd, which

has excellent selectivity for hydrogen gas. As Pd generates

a hydrogen compound due to its interaction with hydrogen,

a change in mass, volume, and electrical resistance

occurs, which can be used as a signal to read the leakage

of hydrogen gas. However, despite the advantages of Pd-

based hydrogen sensor, the structure of the thin film

changes due to the volume expansion by hydrogen

absorption, and the resistance hysteresis during hydrogen

absorption-desorption occurs. Furthermore, there is also a

cost problem because Pd is very expensive as a noble

metal.7) As a solution to these problems, improvement

studies have been carried out by alloying Pd with other

metals such as Ag, Ni, and Mg. The Pd-Ni sensor

reported by Hughes8) can detect hydrogen from 0.1 to

100 % at 300 K and Pd-Ni alloy thin films formed on the

Al2O3 substrate reported by Cheng9) and Huang10) were

also able to detect hydrogen at 5% at room temperature

and 0.7-6 % at 100 oC, respectively. However, the sensing

ability of hydrogen decreases with increasing temperature.

M. Wang,11) who applied Pd-Ag alloy with high hydrogen

selectivity and permeability to hydrogen sensor, fabricated

a thin film sensor with a composition ratio of Pd : Ag =
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3 : 2 and 2~3 % of hydrogen could be detected. In this

study, the fracture problems due to hydrogen expansion

which have been reported in the Pd film was improved

through alloying, but the hydrogen sensing ability decreased

and the reaction time increased as the content of non-Pd

metal increased. Thereafter, a hydrogen sensor with a dual

layer of Pd layer on top and Sm layer on bottom12) and a

hydrogen sensor with a composition of Mg90Pd10 with

high hydrogen affinity13,14) were developed. However, these

sensors also could not avoid the limitation of using Pd.

In this study, amorphous Ni64Zr36 thin film fabrication

process was developed and a flexible sensor using the

Ni64Zr36 alloy thin film was fabricated. The hydrogen

sensor has a triple sandwich structure(PMMA/Ni64Zr36/

PDMS) centered on the amorphous Ni64Zr36 alloy thin film

(Fig. 1). The PMMA having excellent hydrogen selectivity

and preventing the oxidation of the metal film is positioned

on the upper side and the PDMS having excellent

diffusion rate of hydrogen and flexibility is positioned in

the lower portion in contact with the hydrogen gas.

2. Experimental Procedure

A solution of PDMS(polydimethylsiloxane, Sylgard

186) and a curing agent(Sylgard 184 B) in a weight ratio

of 10 : 1 was spin-coated on a Si wafer(1.5 × 2.0 cm2)

for 30 seconds at 3,000 rpm. To obtain a dense film, a

PDMS layer having a thickness of about 200 μm was

prepared by drying in a vacuum oven at 60 oC for 3

hours. Then, a Ni64Zr36 metal film was deposited on the

top of the PDMS using DC magnetron sputtering. An

alloy target with a composition of Ni64Zr36 was used. The

vacuum of the inner chamber before deposition was

reduced to 2 × 10−6 Torr, the applied power was 10 W,

and the internal argon pressure was maintained at 100

mTorr. The Ni64Zr36 film was deposited on a Si substrate

of 1.5 × 2.0 cm2 coated with PDMS and the distance

from the target was 15 cm. After sputtering, a PMMA

solution(Microchem, 950PMMA C2) solution was spin-

coated on top of the fabricated Ni64Zr36/PDMS membrane

at 5,000 rpm for 30 seconds and then dried on a hot

plate at 60 oC to form a 200 nm thick PMMA layer.

After drying, the prepared PMMA/Ni64Zr36/PDMS triple

layer film was separated from the Si wafer to complete

the hydrogen sensor. The thickness of the deposited

Ni64Zr36 film was confirmed by XPS depth profiling. The

surface state of the polymer films was confirmed by

SEM images.

A specially designed hydrogen sensing device was

used for the measurement of hydrogen sensing charac-

teristics. A gas mixture of argon and hydrogen was con-

trolled through a mass flow controller(MFC) to measure

the degree of resistance change depending on gas com-

position. To verify the hydrogen permeability, a customized

hydrogen separation membrane device(Nara cell-tech)

was used. The device measured hydrogen permeability

through a mass flow controller(MFC) and a gas chroma-

tograph(GC)(Dong-il Shimadzu Corp.). The concentration

of hydrogen in the GC system was determined by using

a thermal conductivity detector(TCD) to measure the

difference in thermal conductivity between argon as the

carrier gas and the measured components. Fig. 2 shows a

schematic diagram of the above devices.

3. Results and Discussion

Fig. 3(a) shows the FE-SEM images of the surface of

the hydrogen sensor showing that the surface condition is

not smooth but wrinkled. It is considered that the wrinkles

were formed by Ar plasma in the process of depositing

Fig. 1. The structure of Ni64Zr36 alloy thin film hydrogen gas

sensor.

Fig. 2. The schematic of Ni64Zr36 alloy thin film hydrogen gas sensor test system.
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Ni64Zr36 film on the PDMS. In general, PDMS membranes

are hydrophobic, but wrinkles are formed on the surface

of the membrane by O2, Ar, N2 and NH3 plasma

arbitrarily,15) and -OH groups are formed on the surface

while varying the surface properties from hydrophobic to

hydrophilic.16) The thickness of Ni64Zr36/PMMA film was

estimated to be about 180-200 nm, and the thickness of

Ni64Zr36 was estimated to be about 15-20 nm. The top

PMMA layer was observed to be about 200 nm thick.

There was no peeling problem from the bottom PDMS

substrate. This may be positive in terms of increased

surface area that affects sensing ability, but may result in

irregular wrinkle structures and cracking or fracture of

the upper membrane when exposed to strong plasma for

a long time.17) Fig. 4 shows that many cracks occurred

on the N64Zr36 surface after strong O2 plasma treatment

with power of 50 W. However, no fracture or crack was

found on the surface of the fabricated sensor which was

fabricated using Ar plasma with power of 10 W [Fig.

3(a)].

Fig. 5 shows the XRD patterns of the Ni64Zr36 alloy

thin film deposited on the PDMS substrate. Due to the

nature of PDMS, it shows a sharp peak near 12.8o and a

broad peak near 22.6o.18) The XRD patterns of the PDMS

film and the Ni64Zr36 alloy film deposited PDMS film are

almost the same because the actual thickness of Ni64Zr36
film is very thin and its phase is amorphous.

Fig. 6 shows the result of AFM(Atomic Force

Microscopy) analysis using Ni64Zr36/PDMS/Si structure

with Ni64Zr36 layer deposited on PDMS. The AFM line

mapping were used to check the height and condition of

the wrinkled surface. The area used for the AFM analysis

was 40 × 40 μm2, but the extended lengths of the lines

measured for wrinkles for the three line-mapping sections

were 97.1 μm, 99.4 μm and 90.6 μm, respectively, with

an average of 95.7 μm. This is almost 240 % longer than

Fig. 3. The FE-SEM image of the fabricated PMMA/Ni64Zr36/

PDMS hydrogen sensor; (a) surface and (b) cross-section.

Fig. 4. FE-SEM image of the surface of Ni64Zr36/PDMS after

strong O2 plasma treatment.

Fig. 5. The X-ray diffraction of (a) Ni64Zr36/PDMS and (b) bare

PDMS substrate.
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Fig. 6. The AFM surface image and line scans of the Ni64Zr36/PDMS membrane.
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40 μm. The calculated area obtained by using the increased

length showed an increase of 5.7 times when compared

with the initial plane of 40×40 μm2. The increase of the

surface area is thought to be beneficial for the hydrogen

sensing in terms of the improvement of the reactivity by

hydrogen. Mesoporous thin films19) or nanotube arrays20,21)

show that the hydrogen sensing capability is increased by

having a larger surface area than conventional flat

hydrogen sensors. However, as mentioned above, when

the intensity of the sputtering plasma used for deposition

the Ni64Zr36 layer on the PDMS film and the exposure

time are increased, a large internal stress is generated.

Therefore, a reduction in durability and fracture of the

thin film due to severe wrinkling may occur(especially

when a thick film is used).

Fig. 7 shows the hydrogen permeability of the fabricated

hydrogen sensor and the PDMS, PMMA, and Ni64Zr36
thin film, respectively. PDMS is a polymer containing Si

and is widely known as a polymer that has a very good

permeability to gas molecules due to a wide gap between

the inner rings.28) The fabricated hydrogen sensor showed

a hydrogen permeability of about 1/50~1/100 of those of

the PDMS and the Ni64Zr36 film. This is because the

hydrogen permeability of PMMA is as low as about 10 to

15 mol/m·s·Pa and is about 1/500 to 1/1,000 of the hydrogen

permeability of PDMS.22) Therefore, the hydrogen sensing

ability possibly be improved by simply removing the top

PMMA layer from the triple-layered sensor. Nonetheless,

PMMA is useful because of its excellent protection for

Ni64Zr36 thin film from an oxidation, not to mention of

the high selectivity to hydrogen, which prevents the

passage of large gas molecules(CO, CO2, O2, etc.).23)

Furthermore, the PMMA layer can be used as a barrier to

prevent contamination of the Ni64Zr36 layer by other

external materials.

Fig. 8(a) shows the electrical characteristics of Ni64Zr36

hydrogen sensor reacting at high concentration of hydrogen.

It can be seen that as the hydrogen is applied after the Ar

Fig. 7. The hydrogen permeability of PMMA/Ni64Zr36/PDMS,

PDMS, PMMA, Ni64Zr36 thin film.

Fig. 8. The electric resistance change of the hydrogen sensor using;

(a) Ni64Zr36 alloy thin film at 99 % hydrogen concentration, (b)

Ni64Zr36 alloy thin film at 5 % hydrogen concentration, (c) Pd77Ag23

alloy thin film at 5 % hydrogen concentration.
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purge at the initial room temperature, the resistance value

increases. According to Balla et al.,24) it is reported that

the resistance of Ni64Zr36-based glassy alloy changes

from a minimum of 40 % to a maximum of 60 % when

hydrogen is applied at a pressure of 3 bar to 10 bar at

100 oC. This is because the added hydrogen reacts with

the internal Zr to form Zr-H, which changes the electron

density in the vicinity of the Fermi energy. The formation

of Zr-H causes the electron conduction of the Zr atom to

decrease in the valence band, and this leads to a decrease

in the electrical conductivity. It also explained that this

property depends on the composition of the alloy. It can

be seen that the degree of change is about 20 %(10-30

%) at the initial stage, and when Ar purge is performed

again, it is recovered close to the initial resistance value.

These results show that Ni-Zr-based hydrogen sensors

can replace Pd-based hydrogen sensors that are difficult

to use in high-concentration hydrogen environments.

Fig. 8(b) shows the electrical characteristics of the

hydrogen sensor at 5 % hydrogen concentration. As the

hydrogen is applied at the initial room temperature, the

resistance value changes by 2.8 %. However, the recovery

rate was about 1/2 of that of the previous high concen-

tration hydrogen atmosphere, and it was found that only

about 1.4 % of the resistance value was changed when

the test was performed with 5 % hydrogen. The sensing

ability at low hydrogen concentration is actually reduced,

and the Zr-H state is partially maintained in the adsorption-

desorption process after the formation of Zr-H, thereby

decreasing the rate of the resistance change.

Fig. 8(c) shows the test result using a Pd77Ag23 sensor

fabricated with the same triple layer structure as the

Ni64Zr36 hydrogen sensor. The change of resistance was

about 1.5 % at room temperature, 5 % hydrogen atmosphere,

which was about half of the resistance of the Ni64Zr36
sensor. However, unlike the Ni64Zr36 sensor, the saturation

time(reaching time to maximum resistance) was relatively

reduced from 450 s to 130 s and the reaction was

instantaneous when hydrogen was turned on and off. It

can be explained that the catalytic performance of Pd-Ag

is superior to that of Ni-Zr alloy. However, in the case of

Pd-Ag alloy sensor. There was also a change between the

initial resistance and the second resistance, possibly due

to the time-delayed partial generation of the internal

residual hydride.

4. Conclusion

The PMMA/Ni64Zr36/PDMS triple-layered hydrogen

sensor with high hydrogen permeability, hydrogen

selectivity and anti-oxidation function was designed and

fabricated. The hydrogen sensor has good reactivity with

hydrogen and has excellent flexibility by using PDMS as

a substrate without using a conventional Si wafer or

alumina substrate. At a high hydrogen concentration of

99.9 %, the resistance change of the Ni64Zr36 hydrogen

sensor changes to about 20 % at the initial stage, which

is better than the conventional Pd-based hydrogen sensor,

which is difficult to use in high hydrogen concentration

environments. At low hydrogen concentration of 5 %, the

resistance change of the Ni64Zr36 sensor is about 2.8 %,

which is not significantly different from 1.5 % of the

Pd77Ag23 sensor. Despite using a low-cost Ni64Zr36 alloy as

the main sensing element, it can achieve similar perfor-

mance to conventional Pd sensors in a highly concentrated

hydrogen atmosphere. Therefore, the proposed Ni-Zr-

based hydrogen sensor has the potential to replace the

Pd-based hydrogen sensor by improving the sensitivity of

hydrogen detection.
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