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Hydrogen is widely used in industrial production and clinical medicine, and as fuel. Hydrogen becomes
explosive when the hydrogen-air mixture ranges from 4 to 76 vol%; thus, a rapid hydrogen concentration
measurement is particularly important in practical applications. We present a novel fiber optic hydrogen
sensor with fast response fabricated from a graphene-Au-Pd sandwich nanofilm and an ultrashort fiber
Bragg grating. The response time is only 4.3 s at a 3.5 vol% hydrogen concentration. When the measured
hydrogen concentration was increased from 0 to 4.5 vol%, the optical resonance dip in the sensor near
1550 nm shifted by 290 pm. In addition, the sensor has an insertion loss of only -2.22 dB, a spectral
contrast of 10.8 dB, and a spectral finesse of 5. Such a flexible, fast-response sensor is expected to be used
in the development of hydrogen sensors with low power consumption.

1. Introduction

Greenhouse gases emitted in the process of worldwide
industrialization have caused irreversible impacts."?
Hydrogen is considered one of the most promising clean
energy sources to replace fossil fuels. Hydrogen releases
energy and produces water without greenhouse gas emission
during combustion. Detecting hydrogen concentration is
crucial in many applications. Examples include detecting
leakage of stored hydrogen, monitoring hydrogen production
from hydrogen generators,® detection of hydrogen in oil
transformers for fault diagnosis,”® and hydrogen detection in
fuel cell rooms in electric vessels.” Because a hydrogen-air
mixture of 4 to 76 vol% is explosive, the response at 4 vol% is
an extremely important index for determining the
performance of hydrogen sensors.® Although hydrogen
sensors with electrical readout have low detection limits,”*°
they usually cannot be used for detection of hydrogen
concentrations greater than 4 vol% due to the risk of local
explosions caused by electric sparks.

In the past few decades, a variety of methods have been
applied for optical hydrogen sensors to improve the
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performances of those sensors. Among them, surface
plasmon resonance (SPR) has attracted a great amount of
attention in optical detection.””™® After Liu et al
experimentally demonstrated a surface plasmon resonance
(SPR) sensor with perfect absorption in the SPR structure,'®
many hydrogen sensors that use perfect absorption and SPR
have been proposed.'” " Such optical hydrogen sensors with
perfect absorption provide low insertion loss and high
spectral contrast, which contribute to their high sensitivity
and low detection limit. However, these sensors need bulky
optical setups to ensure that the input and readout signals
are properly coupled to optical detectors. In contrast, an
optical fiber hydrogen sensor, such as that based on an
interferometer,*>* a fiber Bragg grating (FBG),>**’ a long
period fiber grating®®?® and a fiber evanescent field
structure,®*> does not need additional optical alignment.
Xiong et al. prepared a polymer micro-scale cantilever at the
end of a single mode fiber (SMF) to form a Fabry-Perot
interferometer (FPI) and deposited a 120 nm thick palladium
(Pd) film on the cantilever to detect hydrogen. Pd undergoes
reversible lattice expansion from a metal to a metal hydride
(PdH,) when exposed to hydrogen. After a period of exposure
to a certain concentration of hydrogen, the Pd film reaches
adsorption equilibrium and no longer expands. The extent of
lattice expansion is highly dependent on the hydrogen
concentration, making Pd suitable for hydrogen sensing.**?**
However, because the reflectivity of the fiber end facet is
approximately 3.5%, this kind of optical fiber FPI has the
inherent disadvantages of high insertion loss and low
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spectral finesse. Finesse is a parameter of an optical cavity
that is as important as the insertion loss and contrast; it can
be calculated using F = FSR/FWHM, where FWHM is the full
width half maximum of a resonance dip in the FPI, and FSR
is the free spectral range of the resonance dip. In general,
optical cavity sensors with high finesse have higher
sensitivity and resolution than those with low finesse, as
mentioned in previous reports.*>~>°

A novel probe-type FPI-based fiber optic hydrogen sensor
with a graphene-Au-Pd sandwich structure film and an FBG
is proposed and experimentally demonstrated in this study.
The FPI is formed by covering the hollow cavity at the fiber
tip with the graphene-Au-Pd film (the thickness of the
graphene-Au-Pd film is ~128 nm and the thickness of the
Pd film is ~13 nm), and an FBG is inscribed into the SMF
core using line-by-line femtosecond (fs) laser etching. The
FPI-based fiber optic hydrogen sensors fabricated by the
fabrication method proposed in this paper have the spectral
characteristics of low insertion loss, high finesse, and high
contrast. The hydrogen sensing characteristics of the
proposed hydrogen sensor are studied in this paper.

2. Sensor fabrication

Fig. 1(a) illustrates the schematic of the proposed hydrogen
sensor. Taking sample-1 as an example, the sensor is
fabricated as follows.

In the first fabrication step, a section of a hollow core
fiber (HCF, 75 um internal diameter) was spliced to an SMF
end facet with a commercial fusion splicer. The HCF had a
well-cleaved end facet and a short length of ~31 um. The
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Fig. 1 (a) Schematic of the probe-type FPI-based fiber optic hydrogen
sensor with a graphene-Au-Pd sandwich structure film and an FBG. (b)
Enlarged microscopy image of the FBG inscribed using line-by-line
etching. (c) Scanning electron microscopy (SEM) image of the
graphene-Au-Pd film covered on the fiber end facet.
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short hollow cavity length and cleaved end of the HCF can
effectively reduce the divergence losses and thus the
insertion loss of the sensor.

In the second step, a multilayer graphene film (6Carbon
Technology, 6-8 layers, approximately 2 nm thick) was
transferred to the end of the HCF with a wet transfer technique.
The details on this procedure are described in ref. 40.

Fig. 2(a) shows the microscopy image of the graphene-
covered end facet of the fiber tip. Fig. 2(b) shows the
obtained Raman spectrum of the transferred graphene film
(the area marked by the green circle in Fig. 2(a) was
illuminated with a 532 nm laser). The reflection from the two
surfaces of the SMF end facet and the graphene film forms
an FPI with low reflectivity, and the reflection spectrum was
measured using a circulator, a broadband light source (BBS),
and an optical spectrum analyzer (OSA, Yokogawa, AQ6317C)
with a 0.02 nm resolution; the results are shown in Fig. 3(a).
The FPI has low reflection, a high insertion loss of —16.37 dB,
and a low contrast of 4.56 dB.

In the third step, a layer of Au film and Pd film were
successively deposited onto the graphene on the tip of the
sensor via magnetron sputtering. The Au-Pd film was used to
ensure that the sensor had higher reflectivity, and the Pd film
exhibited reversible expansion via adsorption of hydrogen.

While the sensor was being coated, a glass slide was placed
adjacent to the sensor and coated with an Au-Pd film of the
same thickness to allow its thickness to be measured (see
Fig. 4(a)). A small area of the glass slide was covered, which
was denoted as Al. Then, a layer of gold film with the same
thickness as the sensor was coated on the slide except for Al.
Part of the coated area was covered, which was denoted as A2.
The remaining area was denoted as A3, and a Pd film with the
same thickness as the sensor was coated on A3. The
thicknesses of coatings A2 and A3 were measured with a
surface profilometer (BRUKER, DEKTAK XT) with a vertical
resolution of 0.1 nm, and the results are shown in
Fig. 4(b) and (c), respectively. The Au film thickness was
measured to be ~113 nm, and that of the Pd film was ~13 nm.

The reflection spectrum of sample-1 (after coating
graphene with the Au-Pd film) is shown in Fig. 3(b). The high
reflectivity of the Au-Pd film reflector provided a much lower
insertion loss of -1.42 dB in sample-1, compared to an
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Fig. 2 (a) Multilayer graphene-covered fiber-tip end facet, where the
green circle shows the selected area for Raman spectroscopy. (b)
Raman spectrum from the suspended multilayer graphene (6-8 layers)
measured using a 532 nm laser.
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Fig. 3 Reflection spectra after (a) the graphene was transferred to the
end facet of the fiber-tip, (b) Au and Pd were successively deposited on
the graphene, and (c) an ultrashort line-by-line FBG was inscribed in the
SMF core close to the fiber tip. (d) Enlarged view of the blue area in (c).
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Fig. 4 (a) Schematic diagram of the glass slide used to measure the

thicknesses of the Au and Au-Pd films; (b) and (c) height profiles of the
Au and Au-Pd films, respectively.

insertion loss of —16.37 dB without the Au-Pd film. The loss
of -1.42 dB was caused by beam divergence and the
subsequent escape, as well as the absorption in the
graphene-Au-Pd film. However, because much more light
was reflected from the graphene-Au-Pd film than from the
SMF end facet, the spectral fringe contrast in sample-1 was
only approximately 1.37 dB.
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In the final step, an ultrashort line-by-line FBG with a
pitch of 1.063 nm and ~250 um length was inscribed in the
SMF core close to the fiber tip using a 1.7 mW fs laser (514
nm wavelength, 290 fs pulse width, and 200 kHz repetition
rate); the beam was focused with a 100x oil objective (NA =
1.34). The Bragg resonant wavelength 1 of the mth order FBG
can be calculated using the following formula:*!

miA = ZneffA

where n.¢ is the effective refractive index of the SMF core,
and / is the grating pitch. Fig. 1(b) shows an enlarged partial
view of the inscribed FBG, revealing that the FBG has a pitch
of 1.063 um, corresponding to a second order Bragg resonant
wavelength of 1538 nm. The reflection spectrum of sample-1
after this step is shown in Fig. 3(c).

The FBG, as a semi-transparent reflector, reflects a certain
bandwidth of light centered at the Bragg resonant
wavelength. It also interferes with light reflected from the
graphene-Au-Pd film forming an FPI. As the grating pitch is
increased, the Bragg reflection intensity also gradually
increases. When the Bragg reflection intensity is almost equal
to the graphene-Au-Pd film reflection intensity, the
interference fringe contrast is large. After the final step
process, the high resolution (1.5 pm) reflection spectrum of
sample-1 was measured using a circulator, a computer (PC), a
tunable laser (Agilent Technologies, 81940A), and a power
meter (Agilent Technologies, N7744A). Sample-1 exhibits a
high spectrum contrast of 16.07 dB (equivalent to 68.9-1.7%
of the incident light intensity), a finesse of 6.4, and a low
insertion loss of -1.62 dB, as shown in Fig. 3(d). Due to the
high reflectivity of the Au-Pd film and the semi-transparent
FBG, the fiber optic FPI has a much lower insertion loss, a
higher contrast, and a higher finesse than other fiber optic
FPIs prepared from graphene,** silica**™** or polymers.*® The
finesse and insertion loss of the sensor based on the optical
cavity is limited by the loss mechanisms that allow light to
leak out of the cavity.”” The main escape routes are through
the FBG and hollow cavity, as well as via the absorption in
the graphene-Au-Pd film."®

3. Hydrogen concentration sensing
and discussion

The response of the sensor was measured at different
hydrogen concentrations. The experimental setup is shown
in Fig. 5. For the hydrogen concentration measurements,
nitrogen and hydrogen were provided from a compressed
nitrogen cylinder and hydrogen generator, respectively. The
volume ratio of nitrogen and hydrogen gases was controlled
with two gas mass flow controllers (Seven Star, D07) and a
PC, and the gases were mixed using a T-shaped three-way
plastic tube (5 mm internal diameter) to obtain different
hydrogen concentration values. The full control range of two
Seven Star D07 series mass flow controllers is 500 SCCM
(standard cubic centimeters per minute) and 30 SCCM,

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 (a) Experimental setup for characterizing the sensor response
to hydrogen; (b) schematic diagram of how the expansion of the Pd
film cause the graphene-Au-Pd film to arch outward and return to its
original position.

respectively, and the control error is less than +1%. The D07-
1 with a full range of 500 SCCM was used for nitrogen flow
control and the D07-2 with 30 SCCM was used for hydrogen
flow control, and the error between the actual and set
hydrogen concentration of mixed gas is less than +5%. The
sensor was fixed in the vertical channel of the T-shaped
three-way plastic tube to detect the changes in the hydrogen
gas concentration. During this experiment, the total gas flow
was set to 500 SCCM.

Here, the sensing mechanism of hydrogen detection is as
follows: the suspended graphene-Au-Pd film deforms due to
the Pd lattice expansion caused by hydrogen adsorption, and
the axial displacement of the film can be resolved by
measuring a shift in the resonance dip in the fiber optic FPI.
The extent of film deformation is highly dependent on the
hydrogen concentration.****  Therefore, the hydrogen
concentration can be detected by reading the dip change.
The schematic diagram of the hydrogen-induced outward
arching and recovery of the film is shown in Fig. 5(b). In
addition, the effect of the possibility of gas entering the
cavity on the sensor results can be ignored, because the
difference of the refractive indexes of nitrogen and hydrogen
is small, and is in the order of 107*.19°°

Fig. 6(a) shows the spectrum of sample-2, which was
created using the fabrication method described above.
Sample-2 has a free spectral range (FSR) of approximately 0.7
nm, a 10.8 dB contrast, a -2.2 dB insertion loss, and a
resonant wavelength dip at 1550.03 nm (4 = 1.071 um).
Fig. 6(b) shows the evolution of the reflection spectra of
sample-2 as the hydrogen gas concentration increased from 0
to 4.5 vol% at room temperature. Each measurement was
carried out for 5 min to ensure that adsorption equilibrium
was reached. The dip at 1550.03 nm moves toward longer
wavelengths as the hydrogen gas concentration increased,
which is due to elongation of the FPI cavity length caused by
the hydrogen-induced outward arching of the graphene-Au-
Pd film. The total shift in the dip wavelength near 1550 nm
was approximately 290 pm. The adsorption of hydrogen by

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 (a) Reflection spectrum of sample-2. (b) Enlarged view of the
blue area in (a) and the changes in the reflection spectra of sample-2
with different hydrogen concentrations.

the Pd film belongs to the dissociation adsorption of the
Langmuir theory.”"*> Therefore, the data of hydrogen
adsorption equilibrium concentration vs. wavelength shift
can be fitted with a sigmoidal curve. Fig. 7 shows the
Boltzmann fitting of the experimental data.

To investigate the reproducibility of the hydrogen sensor,
the hydrogen concentration was cycled between 0 and 4.5
vol%, where the sensor was held at each concentration value
for 2 min. As shown in Fig. 8, in the three repeatability tests

of increasing hydrogen concentration, the resonance
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Fig. 7 Dip wavelength shift in sample-2 after exposure to various
concentrations of hydrogen. The blue line shows the Boltzmann fitting
of the experimental data.
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Fig. 8 The reproducibility data of sample-2 as the hydrogen

concentration increase was cycled between 0 and 4.5 vol% for three
cycles. Three cycle data (a) arranged beside each other and (b)
overlapping each other.

wavelengths redshifted by 290 pm, 260 pm, and 270 pm,
respectively. The desorption processes on the sensor show
hysteresis. The blueshift in the resonance dip is different
from the redshift in the cycle test with the hydrogen
concentration increasing and then decreasing. However, in
the increasing hydrogen concentration test, the drift trend
was similar for all 3 cycles.

An experimental setup was used to measure the response
time of the hydrogen sensor. A tunable laser was used as a
source of light with an output set to 0.7 mW at 1550.03
nm, which is located at a minimum in the reflection
spectrum. For clarity, the detecting laser is highlighted with
a pink dashed line in Fig. 6(b). The detecting laser enters
the sensor through the circulator, and the reflected light
was received by a photodetector (PD). The PD converts the
light intensity into a voltage that is fed to an oscilloscope.
When the sensor was exposed to hydrogen, the dip
wavelength redshifted and the reflected laser intensity
increased, resulting in a higher voltage.

Fig. 9(a) shows the voltage measured with the
oscilloscope in the time domain at different hydrogen
concentrations. The sensor response time is defined as the
time interval for the sensor to reach 90% of its steady state
response. Due to the high finesse (= 5) of sample-2, the
1550.03 nm laser intensity reflected from the sensor was
likely saturated when the hydrogen concentration reached 4
vol%, even though the adsorption of hydrogen by the Pd
film has not yet reached saturation, as shown in Fig. 9(b),
which is the enlarged view of the blue dashed box in
Fig. 9(a). For clarity, a red line was used in Fig. 9(b) to show
the result of smoothing the data. Note that the saturation of
reflected 1550.03 nm laser intensity does not mean that the
Pd film adsorption of hydrogen already reached saturation.
The sensor was able to detect 4.5 vol% hydrogen in the
wavelength drift dominated hydrogen detection, as shown in
Fig. 6(b). In other words, there may be a deviation between
the measured response time and the actual response time at
concentrations of 4 vol% and 4.5 vol%. Therefore, it is
objective to define the fastest response time of the sensor
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Fig. 9 (a) Temporal response test results from sample-2 for various
hydrogen concentrations. (b) Enlarged view of the blue dashed box in
Fig. 9(a); the red line was obtained by smoothing the experimental
data. (c) and (d) Enlarged views of the temporal response at 3.5 and
4.5 vol% hydrogen, respectively.

using the approximately 4.3 s response time at 3.5 vol%
hydrogen concentration.

The response time vs. hydrogen concentration in sample-2
is plotted in Fig. 10. The response time is the longest when
the concentration of hydrogen is 1.5 vol%, which is 28.7 s.
The response time measured at 4.5 vol% hydrogen
concentration is the shortest, reaching 2.88 s, although this
is slightly shorter than the actual response time. Here, we
defined the inverse of the response time (7) as the initial
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Fig. 10 Response time of sample-2 for different hydrogen
concentrations. The red squares are experimental data. The green
triangles are the inverse of the response time, which has a linear
correlation to the concentration of hydrogen.
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Fig. 11 (a) Changes in the reflection spectrum of sample-3 at different
temperatures. (b) Extracted linear relationship between the dip
wavelength in the reflection spectrum and the ambient temperature.

hydrogen adsorption rate (1/7). The results show that the
concentration of hydrogen is inversely proportional to the
response time and has a linear relationship with the initial
hydrogen adsorption rate. The response time behavior of the
sensor is consistent with the sensing behavior of devices
constructed from decorated Pd, which can be described using
the Langmuir adsorption theory.>*>*

The influence of temperature was investigated by placing
sample-3 in a thermostat and gradually increasing the
temperature from 25 to 100 °C in 10 °C increments and
holding the sample at each temperature for 2 min at
atmospheric pressure. Sample-3 was fabricated by the
method previously proposed, and has a finesse of 5.4, a
spectral contrast of 9.05 dB and an insertion loss of -3.4
dB. The reflection spectrum evolution of sample-3 with
temperature change is shown in Fig. 11(a). The correlation
plots are shown in Fig. 11(b), and the slope of the linear fit
gives a temperature sensitivity of ~10.2 pm °C™" with a
correlation factor of R> ~ 0.99819 showing a good linearity
of wavelength changes with increasing temperature. The
temperature sensitivity is consistent with the previously
reported temperature response of an FBG, which is mainly
affected by the temperature on the FBG, ie., the photo-
thermal effect.>
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4. Conclusions

In conclusion, a fiber optic FPI-based hydrogen sensor with low
loss and fast response was fabricated using a graphene-Au-Pd
sandwich nano film and FBG. This sensor exhibited a high
spectral contrast of 10.8 dB, a high spectral finesse of 5, and a
low insertion loss of only —2.22 dB. The external hydrogen
concentration can be resolved by monitoring the resonance dip
changes in the reflection spectrum. Experimental results show
that the optical resonant dip of the sensor exhibited a nonlinear
redshift of 290 pm near 1550 nm as the hydrogen concentration
was varied from 0 to 4.5 vol%. The sensor has a response time
of 4.3 s at a hydrogen concentration of 3.5%. In addition, the
proposed hydrogen sensor exhibits a linear temperature
sensitivity of ~10.2 pm °C™" from 25 to 100 °C.
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