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Highly sensitive hydrogen sensor based on an
in-fiber Mach-Zehnder interferometer with
polymer infiltration and Pt-loaded WO3 coating
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Abstract: A highly sensitive fiberized hydrogen sensor based upon Mach-Zehnder interference
(MZI) is experimentally demonstrated. The hydrogen sensor consists of an MZI realized by
creating an air cavity inside the core of a half-pitch graded-index fiber (GIF) by use of femtosecond
laser micromachining. Thermosensitive polymer was filled into the air cavity and cured by
UV illumination. Subsequently, the external surface of the polymer-filled MZI was coated
with Pt-loaded tungsten trioxide (WO3). The exothermic reaction occurs as Pt-loaded WO3
contacts the target of the sensing, i.e. hydrogen in the atmosphere, which leads to a significant
local temperature rise on the external surface of the coated MZI sensor. The sensor exhibits a
maximum sensitivity up to -1948.68 nm/% (vol %), when the hydrogen concentration increases
from 0% to 0.8% at room temperature. Moreover, the sensor exhibits a rapid rising response time
(hydrogen concentration increasing) of ∼38 s and falling response time (hydrogen concentration
decreasing) of ∼15 s, respectively. Thanks to its small size, strong robustness, high accuracy and
repeatability, the proposed in-fiber MZI hydrogen sensor will be a promising tool for hydrogen
leakage tracing in many areas, such as safety production and hydrogen medical treatment.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Hydrogen plays a significant role in the modern society in a wide range of fields, such as
aerospace, chemical industry, and medical treatment, either as the fuel, raw material or even
medicine [1,2]. The massive applications bring about serious concern over the issue of safety.
As a highly inflammable and explosive gas, the leakage of hydrogen can result in catastrophic
incidents [2]. Consequently, high-sensitivity hydrogen sensors are strongly desired. In recent
years, fiber-optic hydrogen sensors attract great attention for hydrogen leakage tracing, owning to
their unique advantage on resistance to electromagnetic interference (EMI) over conventional
electronic hydrogen sensors. Among these fiber hydrogen sensors, two main sensitive materials
are utilized, i.e., Palladium (Pd) [1,3–9] and Platinum (Pt)-loaded tungsten oxide (WO3) [10–15].
Pd can absorb a large number of hydrogen molecules, leading to a volume expansion for several
hundreds of times and a change in the refractive index (RI) [1,3–9]. For example, in 2014, Wang
et al. reported a hydrogen sensor based on a Pd-coated in-fiber Mach-Zehnder interferometer
(MZI), which exhibited a sensitivity of ∼70 pm/% within a range of 0∼8% (vol %) [3]. In 2015,
Gu et al. illustrated a hydrogen sensor based on a microfiber MZI using Pd/Au nanowire as a
plasmonic waveguide, and they achieved hydrogen detection in a wide concentration range of
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0∼20% [4]. In general, the Pd-based fiber hydrogen sensors always have compact size. However,
the Pd film could easily be oxidized by the oxygen in the atmosphere, and these types of hydrogen
sensors typically have a low sensitivity of less than 1 nm/% [16].

Pt-loaded WO3 is another important functional material for hydrogen sensing [10–15]. It can
dissociate hydrogen molecule into atoms and decrease the reaction activation energy. Exothermic
reaction will occur when Pt-loaded WO3 contacts with hydrogen in the atmosphere. Heat will be
released during the exothermic reaction and could be detected by temperature sensors. Hence,
various in-fiber hydrogen sensors based on Pt-loaded WO3 coatings have been proposed. For
instance, in 2012, Yang et al. reported a hydrogen sensor based on a fiber Bragg grating (FBG)
with Pt-loaded WO3 coatings [10]. The coated-FBG hydrogen sensor exhibited a wavelength shift
of ∼ 140 pm in case the hydrogen concentration was increased from 0% to 4%. Subsequently,
in 2014, Wang et al. reported a hydrogen sensor based on a selectively infiltrated photonic
crystal fiber (PCF) with Pt-loaded WO3 coatings [11]. They achieved a high sensitivity of 32.3
nm/% within the range of 1∼4% H2 in the air. However, this type sensor could only be used for
detecting hydrogen with a relatively high concentration of beyond 1%. Then, in 2016, Xu et al.
demonstrated a hydrogen sensor based on a fiber Sagnac interferometer coated with Pt-loaded
WO3/SiO2 layer and achieved a sensitivity of -7.877 nm/% in the range of 0 ∼ 1% [17]. However,
the sensor features a larger size since a section of coated highly birefringent fiber with a length
of a few centimeters is required to construct the Sagnac interferometer. Moreover, in 2018, Li
et al. reported a hydrogen sensor based on a PDMS-formed fiber Fabry-Perot interferometer
(FPI) with Pt-loaded WO3/SiO2 embedded on the external surface of the FPI [12]. This type
sensor exhibits a sensitivity of -15.14 nm/% within the hydrogen concentration range of 0 ∼

1%. To the best of our knowledge, the highest hydrogen sensitivity of the fiber hydrogen sensors
reported at present is 32.3 nm/%, which was achieved in a selectively infiltrated PCF with a
high temperature sensitivity of –7.69 nm/°C [11]. Recently, we developed a highly sensitive
temperature sensor based on a UV-curable polymer-filled MZI created in graded index fiber [18].
An extremely high temperature sensitivity of −13.27 nm/°C was achieved. This highly sensitive
MZI temperature sensor could potentially be developed for trace hydrogen detection by coating
these MZI temperature sensors with hydrogen sensitive Pt-loaded WO3 powder.

In this paper, a miniaturized and highly sensitive fiber MZI hydrogen sensor based on
thermosensitive polymer infiltration and Pt-loaded WO3 coating, is experimentally demonstrated.
The MZI is formed by femtosecond laser-drilled micro-air-cavity in the core of a graded-index
fiber (GIF) spliced with two single-mode fibers (SMFs). The micro-air-cavity is then filled
with thermosensitive UV-curable polymer, and the external surface of the filled-MZI is coated
with Pt-loaded WO3 powder. The half-pitch GIF could enlarge the optical mode area, and
hence decreases the insertion loss and increases the fringe visibility of the MZI. In addition,
the employment of the half-pitch GIF could also reduce the difficulty in the ablating and filling
process for fabricating the MZI. The thermosensitive polymer-filled and Pt-loaded WO3-coated
fiber MZI exhibits a maximum sensitivity of -1948.68 nm/% to hydrogen in a low concentration
range of 0 ∼ 0.8%. A rising response time (hydrogen concentration increases from 0% to 0.8%)
of ∼ 38 s and a falling response time (hydrogen concentration decreases from 0.8% to 0%) of
15 s are obtained in the air at room temperatures, respectively. These characteristics make the
proposed in-fiber MZI hydrogen sensor suitable for monitoring hydrogen leakage in many fields,
such as safety production and hydrogen medical treatment.

2. Hydrogen sensing mechanism

The schematic of the proposed in-fiber MZI hydrogen sensor is shown in Fig. 1. A half-pitch
(LGIF = 490 µm) GIF serves as a pair of collimators between which an air cavity is created in one
lateral side of the GIF by means of femtosecond laser micromachining. The air cavity is filled
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with thermosensitive polymer, which is cured by use of UV illumination. Then, the external
surface of the polymer-filled MZI is coated with Pt-loaded WO3 powder.

Fig. 1. The schematic of the structure and sensing mechanism of the in-fiber MZI hydrogen
sensor. (SMF: single mode fiber, GIF: graded index fiber, Pt: platinum, WO3: tungsten
oxide.)

An optical probe beam is sent into the sensor through a lead-in SMF (i.e., SMF1 in Fig. 1).
When light transmits in the GIF, the radial beam waist (! GIF) gets larger at a longer transmission
distance, and reaches its maximum (∼20 µm) at the GIF quarter-pitch position (i.e. at a distance
of ∼245 µm, where the air cavity is created) [18–20]. A cavity width larger than ! GIF could
enable easier infiltration of UV-curable polymer into the cavity and avoid the formation of air
bubbles in the infiltrated cavity. Hence, a cavity width of 30 µm was chosen for sensor fabrication.
On the other hand, it is obvious a larger ! GIF can significantly reduce the precision requirement
in the laser ablating process for fabricating the air cavity and reduce the difficulty in filling the
UV-curable polymer. As a result, one part of the input beam transmits through the polymer-filled
cavity, whereas the other part propagates in the remained GIF core. A lead-out SMF (i.e. SMF2
in Fig. 1) is connected to the output end of the half-pitch GIF, at which two optical beams
recombine and interfere with each other. The indices of the remained GIF core and the cured
polymer are different (i.e., 1.491 and 1.540, respectively), leading to an optical path difference in
the MZI.

The light intensity can be expressed as [18]

Iout = Ipolymer + IGIF + 2
p

IpolymerIGIF cos(2� LC� n/� + f0) , (1)

where � n is the refractive index difference between the UV-curable polymer (npolymer) and GIF
core (nGIF), Lc is the cavity length, and � 0 is the initial phase difference. Note that the initial
phase difference f0 could be ignored in Eq. (1). The resonance dip wavelength (� m), defined as
the mth order interference dip, can be expressed as [18]

� m = 2LC/(2m + 1) · � n. (2)

The temperature response of the proposed SMF-GIF-SMF MZI structure can be obtained as [21]

d� /dT = � m/� n · (� P − � G). (3)

Where � P and � G are the thermo-optic coefficients of the UV-curable polymer and silica,
respectively. It should be noted that the UV-curable polymer has a much larger thermo-optic
coefficient (� P =∼10−4°C−1) than that of silica (� G=∼10−6°C−1) [18,21,22]. Hence, wavelength
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shifts induced by temperature changes in � G could be neglected, and a simplified relationship
between the wavelength shift and � P is obtained as

d� /dT = � m/� n · � P. (4)

It could be calculated from Eq. (2) that the same resonant wavelength at ∼1568 nm is obtained
for cavity length Lc of 48, 80, and 112 µm, at different orders of m = 1, 2, and 3, respectively.
A shorter cavity length can lead to a large free spectral range (FSR), and hence the resonant
wavelength tends to drift out of the light source bandwidth. However, a longer cavity length leads
to an increase in transmission loss. Moreover, it could be seen from Eq. (4) that the temperature
sensitivity is irrelevant to cavity length. As a result, a cavity length Lc of 80 µm was used in the
sensor fabrication process.

The hydrogen sensing mechanism of the proposed MZI sensor is also illustrated in Fig. 1.
Exothermic reaction will occur when Pt-loaded WO3 coating material contacts with hydrogen in
the atmosphere. These chemical reactions can be expressed as [11]

WO3 + xH2
Pt
→ WO3−x · xH2O, (5)

WO3−x · xH2O +
x
2

O2
Pt
→ WO3 + xH2O. (6)

At first, H2 molecules are absorbed by WO3, leading to the formation of WO3−x·H2O. Then,
WO3−x·H2O reacts with the oxygen in the atmosphere, producing WO3 and H2O. Pt plays as
catalyst in the chemical reaction, and a large amount of heat is generated during this process. As
a result, the local temperature will increase, resulting in a change in the refractive index (RI) of
the UV-curable polymer filled in the cavity. According to Eq. (4), the resonance dip wavelength
(� m) in the interference spectrum will shift significantly since the UV-curable polymer has a
large thermo-optic coefficient. Thus, the H2 concentration can be determined by tracing the
wavelength shift of � m.

3. Device fabrication

3.1. Preparation and characterization of Pt-loaded WO3 powder

The Pt-loaded WO3 powder used for hydrogen sensing in this work was prepared via sol-gel
method [10,11]. At first, aqueous sol-gel of H2WO4 was obtained from 50 mL 0.5 mol/L Na2WO4
solution with cation-exchange resin, and then washed and centrifuged for 15 times with de-ionized
water. After purification, the sol-gel was smashed by ultrasonic-vibrating. Subsequently, the
sol-gel was mixed with 1.5 g H2PtCl6ˆ6H2O and stirred by magnetic stirrer at 80°C for 6 hours.
The Pt-loaded WO3 powder was obtained after a high-temperature treatment at 400°C for 1 hour.

The morphology of the prepared Pt-loaded WO3 powder was characterized using a field
emission scanning electron microscope (FE-SEM, ZEISS Sigma 300) and shown in Figs. 2(a) and
(b). Moreover, the elemental analysis of the prepared Pt-loaded WO3 powder was carried out by
energy dispersive spectrometry (EDS, BRUKER XFlash 6130) using an X-ray detector attached
to the SEM instrument. As shown in Fig. 2(c), the molar ratio of Pt and WO3 is controlled at
about 3:4 in the prepared Pt-loaded WO3 powder.

3.2. Fabrication of in-fiber MZI hydrogen sensor

The fabrication process of the in-fiber MZI hydrogen sensor is illustrated in Fig. 3.
In step 1, as shown in Fig. 3(a1), a half-pitch (i.e. a length of 490 µm) of GIF (YOFC, 62.5/125

GIF 0.275) was spliced with two pieces of SMFs (Corning SMF-28), which performed as the
two pigtails. In step 2, as shown in Fig. 3(a2), a rectangular-shape air cavity with a length of 80
µm and a width of 30 µm was created in the middle of GIF (i.e., the quarter-pitch position).The
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Fig. 2. (a), (b) SEM images of the prepared Pt-loaded WO3 powder captured in different
scales exhibiting the morphologies. (c) Energy dispersive spectrometry (EDS) pattern of the
prepared Pt-loaded WO3 powder.

Fig. 3. (a1) - (a4) Schematic diagram of the fabrication process of in-fiber MZI hydrogen
sensor: (a1) in step 1, splicing a half-pitch GIF with two SMF pigtails; (a2) in step 2, creating
an air cavity inside the GIF core using femtosecond laser ablation; (a3) in step 3, infiltrating
the air cavity with UV-curable polymer; (a4) in step 4, coating the polymer-infiltrated MZI
with Pt-loaded WO3 powder. (b1) - (b4) The corresponding microscopic images of an
in-fiber MZI hydrogen sensor fabricated after step 1 - 4, respectively.
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cavity was fabricated at one lateral side of the GIF core by ablating the silica material using
a femtosecond laser (FS laser, Spectra-Physics, 800 nm, 120 fs, 1 kHz, 15 mW). In step 3, as
shown in Fig. 3(a3), the air cavity was infiltrated with thermosensitive polymer via a tapered
fiber. Commercial UV-curable polymer (NOA 68, RI = 1.540 at room temperature), which has a
large thermo-optic coefficient, was used as the thermosensitive polymer. After infiltration, the
polymer was cured by UV illumination for 1 hour and annealed at 50°C for 12 hours. Finally, in
step 4, as shown in Fig. 3(a4), the prepared Pt-loaded WO3 powder was dispersed into alcohol,
and then dip-coated on the surface of the polymer-infiltrated MZI. The hydrogen sensor was
obtained after natural evaporation of the alcohol. Moreover, the corresponding microscopic
images of an in-fiber MZI hydrogen sensor fabricated after step 1 - 4, are exhibited in Figs. 3(b1)
- (b4), respectively. Obviously, the coated and infiltrated MZI sensor has an ellipsoidal shape.
The cross-sectional-view scanning electron microscopic (SEM) images of the fabricated in-fiber
MZI hydrogen sensor were acquired, as shown in Fig. 4. Thanks to the strong adhesion of the
infiltrated UV-curable polymer, the Pt-loaded WO3 coating layer could attach firmly to the surface
of the polymer-infiltrated in-fiber MZI. In addition, it could also be found in Fig. 4(b) that the
thickness of the Pt-loaded WO3 coating layer is determined as a few micrometers.

Fig. 4. Cross-sectional-view SEM images of the fabricated in-fiber MZI hydrogen sensor.

4. Experimental results and discussions

4.1. Experimental setup for hydrogen sensing

As shown in Fig. 5, purified H2 gas was generated from a hydrogen generator (BCHP, TH500),
and then sent into the mixing chamber. Meanwhile the air flowed into the mixing chamber by
use of an air compressor (Denair, DW65). Two flow meters (Sevenstar, D07-19B and CS200A)
were used for precisely controlling the flow rate of H2 and air, respectively. Consequently, the
hydrogen concentration in the mixed gas could be precisely controlled. Moreover, the humility
was monitored and controlled via a hygrometer (Rotronic, HygroPalm HP22) and desiccant filled
in the mixing chamber. Then, the mixed gas was sent into the air chamber (Ø10 mm × 50 mm), in
which the fabricated in-fiber MZI hydrogen sensor was placed. A broadband light source (BBS,
FiberLake, wavelength: 1250 ∼ 1650 nm, bandwidth: 400 nm) and an optical spectrum analyzer
(OSA, Yokogawa, 6370C) were used for recording the transmission spectra of the in-fiber MZI
hydrogen sensor under different hydrogen concentrations. And the ambient temperature was
controlled to be a constant of 22°C during the hydrogen measurements.

4.2. Response to temperature

The intrinsic temperature response of the in-fiber MZI hydrogen sensor was investigated by use of
a high-precision column oven (LCO 102). The temperature was gradually increased from 26°C
to 54°C with a step of 4°C. Figure 6(a) demonstrates the evolutions of transmission spectra with
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Fig. 5. The schematic diagram of experimental setup for hydrogen detection. BBS:
broadband light source, MZI: Mach-Zehnder interferometer, OSA: optical spectrum analyzer,
PC: personal computer.

different temperatures. It could be seen the transmission spectrum of the MZI hydrogen sensor
exhibits a ‘blue shift’ with temperature increase. Figure 6(b) demonstrates a linear relationship
between the temperature and the resonance dip wavelength. The linear fitting indicates that the
MZI has a high temperature sensitivity (-10.40 nm/°C) and a good repeatability.

Fig. 6. (a) The transmission spectra evolutions of the polymer- infiltrated MZI with
temperature increase. (b) The resonance dip wavelengths as a function of the temperatures.

4.3. Response to hydrogen

We studied the hydrogen response of the MZI sensor, which was placed in the air chamber
at room temperature, as shown in Fig. 5. The air flow rate was set to 500 stand-state cubic
centimeter per minute (sccm). The concentration range was set to 0∼0.8% in a step of 0.1%.
Figure 7(a) demonstrates the typical transmission spectra evolutions of the MZI sensor with
hydrogen concentration changes in the range of 0∼0.8%. It is found the resonance dip shifts to
shorter wavelengths (‘blue’ shift), and the maximum wavelength shift of the tracing dip is more
than 318 nm. Figure 7(b) demonstrates the wavelength of resonance dip and sensitivity versus
hydrogen concentration in the range of 0∼0.8%. The hydrogen sensitivity, obtained via calculus of
resonant wavelength differences between two adjacent concentration measurement points, exhibits
nonlinear variation with the increase of hydrogen concentration. The sensitivity increases up to
1948.68 nm/% at the hydrogen concentration of 0.8%. In contrast to the selectively infiltrated
PCF [11], the Fabry-Perot based sensor [13,14], the Sagnac interferometer based-hydrogen sensor












