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Abstract: With the unprecedented development of green and renewable energy sources, the propor-
tion of clean hydrogen (Hj;) applications grows rapidly. Since H; has physicochemical properties
of being highly permeable and combustible, high-performance Hj sensors to detect and monitor
hydrogen concentration are essential. This review discusses a variety of fiber-optic-based H; sensor
technologies since the year 1984, including: interferometer technology, fiber grating technology,
surface plasma resonance (SPR) technology, micro lens technology, evanescent field technology,
integrated optical waveguide technology, direct transmission/reflection detection technology, etc.
These technologies have been evolving from simply pursuing high sensitivity and low detection
limits (LDL) to focusing on multiple performance parameters to match various application demands,
such as: high temperature resistance, fast response speed, fast recovery speed, large concentration
range, low cross sensitivity, excellent long-term stability, etc. On the basis of palladium (Pd)-sensitive
material, alloy metals, catalysts, or nanoparticles are proposed to improve the performance of fiber-
optic-based Hj sensors, including gold (Au), silver (Ag), platinum (Pt), zinc oxide (ZnO), titanium
oxide (TiO,), tungsten oxide (WO3), Mgz Tiso, polydimethylsiloxane (PDMS), graphene oxide (GO),
etc. Various microstructure processes of the side and end of optical fiber H; sensors are also discussed
in this review.

Keywords: fiber optics; fiber optic sensor; hydrogen gas detection; hydrogen-sensitive film

1. Introduction

With the rapid development of the global economy, the energy demand is growing.
Now, the main energy resources, such as oil and coal, are non-renewable resources. There-
fore, finding new energy resources without the pollution has become a global focus point.
Hydrogen, which is an abundant, high-calorific-value, and non-polluting energy source,
has attracted the attention of the researchers around the world. And now it is widely
used in petrochemical, electronics, medical, pharmaceutical, aerospace, and other fields.
However, as we know, hydrogen is flammable and explosive, so there are risks associated
with hydrogen production, storage, transport, and usage. At room temperature and normal
atmospheric pressure, under the hydrogen concentration ranging from 4% to 74.5% [1,2],
the air becomes flammable and it is easy to cause an air explosion. Therefore, monitoring
hydrogen gas leaks with a high sensitivity is very important in the hydrogen energy usage
process. Recently, some explosion incidents caused by hydrogen leaks were reported (for
example, in 2005, the Xiamen XiangLu of China petrochemical hydrogen leak explosion;
in 2011, Japan’s Fukushima Daiichi Nuclear Power Station unit 1 and unit 3 hydrogen
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explosion; in 2013, China Zhangzhou Gulei peninsula petrochemical plants hydrogen leak
explosion, etc.). According to the incomplete statistics, from 1990 to 2014, there were more
than 500 accidents of hydrogen safety, which caused more than 400 casualties. And the
direct economic losses amounted to more than one billion dollars [3]. It seriously affects
the economic development and social stability. Therefore, the real-time hydrogen concen-
tration detecting with safety (remote off-site), speed, and high sensitivity is necessary for
the process of development and utilization of hydrogen energy. For a long time, people
have been trying to design hydrogen sensors with high sensitivity and stability, good selec-
tivity, quick response, low cost, easy fabrication process, and integration. The traditional
hydrogen sensors based on the electrical characteristics had been developed, which played
an important role in space and scientific research. But it had the disadvantage of causing
electric sparks when it was in use, which might cause an explosion. In contrast, fiber optic
hydrogen sensors with the characteristics of high sensitivity, small size, and no electric
spark are very suitable for the detection of dangerous gases such as hydrogen. In addition,
the fibers have the ability to resist chemical corrosion, harsh environments’ temperature,
and anti-electromagnetic interference, which are also suitable for the detection of remote
large-scale multi-point multiplex.

In 1984, Butler and Ginley [4] in Sandia National Laboratories began to research the
fiber optic hydrogen sensor technology, and then NASA, Boeing, Maryland University,
and DCH Technology carried out the studies on this technology, which have made great
progress in instruments design and applications. Figure 1 shows the typical fiber optic
hydrogen sensor classifications from the aspects of sensing principle, sensing material, and
sensor structure.

Fabry-Perot
interferometer

Interferometer

Grating

% Ag-ZnO:Pd
Evanescent
field structure
Extem_al WO, Pd,Pt-P
refractive
N

Sagnac,

Figure 1. Diagram of the typical fiber optic hydrogen sensor classifications.



Chemosensors 2023, 11,473

30f32

Light Source

2. Typical Fiber Optic Sensor Classification
2.1. Interference Fiber Optic Hydrogen Sensors

Most of the interference fiber optic hydrogen sensors rely on the principle of the
interference of the light in fiber, including the Mach-Zehnder interferometer, Michelson
interferometer, Fabry—Perot interferometer, and so on.

In 1984, Butler [5] proposed a Mach-Zehnder interference fiber optic hydrogen sensor.
The fiber optic hydrogen sensor head was fabricated by coating a 10 pum-thick palladium
film on the surface of the single-mode fiber (SMF) that was used as a signal arm. A layer of
10 nm-thick titanium film was coated between the palladium film and the surface of the
fiber to increase the adhesion between the palladium film and the fiber. Figure 2 shows the
sensor’s structure. As the fiber coated with the palladium film as a signal arm was exposed
in the hydrogen environment, the palladium film absorbed the hydrogen and expanded,
which makes the fiber tensile and changed the optical path of the incident light. The sensor
could detect the hydrogen concentration in the range of 0.002 to 2000 Pa [6].

Pd coating
~ = Interference

Spectroscope ﬁ \,Q \
Laser g \ 1
~J- 4

Prism
Prism o=

Mirror

Figure 2. Interference fiber optic hydrogen sensor based on Mach-Zehnder interferometer [5].

In 1986, Farahi [7] reported a Michelson interference fiber optic hydrogen sensor. The
fiber optic hydrogen sensor head was fabricated by coating a palladium wire on the surface
of an SMF with epoxy resin. The length and diameter of the palladium wire was 0.06 m and
0.5 mm, respectively. The end face of the sensing head was coated with silver to increase the
intensity of the reflected light. The structure of the sensor is shown in Figure 3. When the
hydrogen concentration increased, the palladium film absorbed the hydrogen and swelled,
which would strain the fiber and cause a phase difference between the two signals. The
variation of interference dip intensity is determined by the hydrogen’s concentration. The
sensor can detect the hydrogen concentration in the range of 0 to 100 Pa, with an accuracy
of £2 Pa.
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Figure 3. Interference fiber optic hydrogen sensor based on Michelson interferometer [7].

In 1994, Zeakes [8] proposed a Fabry—Perot interferometer cavity hydrogen sensing
probe. The structure of the sensor is shown in Figure 4. The SMF and a section of multi-
mode fiber (MMEF) that reflected light beams were fixed on both ends of the glass casing to
form a Fabry-Perot cavity. The incident light was reflected on the end face of the SMF and
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the MME, respectively. The length of the Fabry—Perot cavity was 50 um. The surface of the
glass liner was coated with 2 um-thick palladium film. As the palladium film absorbed the
hydrogen, the thin film would expand and cause a change of the length of the cavity and thus
changed interference fringe phase. The maximum sensitivity of the sensors was 32 ppm.

Coupler T — ~

¢ Probe )
~ -~ d - '

N e -
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Lightin Light out > Multimode optical fiber reflection

Light detector

Figure 4. Interference fiber optic hydrogen sensor based on Fabry-Perot interferometer [8].

In 2009, Zhen [9] proposed a fiber optic hydrogen sensor based on white light in-
terference. As shown in Figure 5, the surface of the glass capillary was coated with
300 nm-thick palladium film. The interference light was reflected back from the probe and
then propagated into the spectrometer. The hydrogen concentration could be monitored
by using a cross-correlation method demodulation. In 2010, extrinsic Fabry—Perot fiber
optic hydrogen sensors were proposed [10,11]. As the thicknesses of the palladium films
were set as 50 nm and 100 nm, sensitivities of 2.07 nm/1% and 3.93 nm/1% H, were
obtained, respectively. However, as the hydrogen concentration was less than 1%, the
actual sensitivities were decreased to 0.67 nm/1% and 1.28 nm/1% Hp, respectively.
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Figure 5. Fiber optic hydrogen sensor based on white light interference [9].

The interference fiber optic hydrogen sensors showed the advantages of high sensitiv-
ity, short response time, and high reliability. And the sensitivities of these sensors can be
adjusted by changing the length of the signal arm. However, these kinds of sensors showed
a limitation on their applications (i.e., it can only measure the dynamic changes), and their
accuracy also needed to be improved [12].

In 2015, Fu et al. [13] applied Pd/Au nanowires to a Mache-Zender interferometer
(MZI) sensing system. As shown in Figure 6, the Pd/Au nanowires were utilized as
plasmon waveguides connected in the sensing arm of the MZI, enabling the Surface
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Plasmon Resonance (SPRs) at the Pd/Au surface while sensing the hydrogen concentration.
The interference spectrum of this sensor shows an extinction ratio of more than 20 dB,
which ensures high hydrogen sensitivity and reversibility.

1
1
1 Nano wire 1

Micro fiber
T ' : Output
T

Optical fiber A

: Reference arm |

Chamber
Figure 6. Pd/Au nanowires based Mache-Zender interferometer hydrogen sensor [13].

In 2016, Xu [14] et al. proposed a highly sensitive optical fiber Sagnac interferometer
hydrogen sensor (Figure 7). The device is fabricated by inserting a segment of panda
fiber coated with Pt-loaded WO3/5i0O; into a Sagnac interferometer loop. When Pt/WOs3
film is exposed to hydrogen, the exothermic reaction raises the temperature of the panda
fiber, resulting in the resonant wavelength shift of the interferometer, and the resonant dip
obtained has a large extinction ratio of ~25 dB and a narrow linewidth of 2.5 nm.

BBS N

\;— Gas chamber
Coupler

-
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[ Computer ]'_[ OSA ]'/ ﬂ
Pt/WO;

Figure 7. Sagnac interferometer hydrogen sensor based on panda fiber with Pt-loaded WO3/SiO,
coating [14].

In 2021, Luo et al. proposed a fast-response FP hydrogen sensor (Figure 8) [15]. By
splicing a single-mode fiber to a hollow core fiber and coating a graphene-gold—palladium
film on the end face of the hollow core fiber, the FBG is inscribed in the single mode
with femtosecond laser technology. The graphene oxide layer is applied to the hollow
core fiber’s end face via wet transfer, and then gold and palladium are sputtered onto
the graphene oxide layer using magnetron sputtering technique. The FBG will reflect a
portion of the light satisfying the Bragg condition. The light beams reflected by FBG and
graphene—gold-palladium would couple together. The sensor showed a response time of
4.3 s at a hydrogen concentration of 3.5% with a spectral contrast of 10.8 dB.

In 2021, Chen et al. [16] proposed a hydrogen sensor with high sensitivity, which was
demonstrated by coating the metal organic frameworks of UiO-66-NH; on an optical fiber
Mach-Zehnder interferometer (MZI). The experimental setup of the UiO-66-NH,-based MZI
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hydrogen sensor is shown in Figure 9. The experimental results showed that the proposed
sensor had a high hydrogen sensitivity of 8.78 dB/% in the range from 0% to 0.8%.
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Figure 8. FPI-based fiber optic hydrogen sensor with a graphene-Au-Pd and an FBG [15].
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Figure 9. Experimental setup of the UiO-66-NH;-based MZI hydrogen sensor; the partially enlarged
portion shows the mismatched structure of the MZI [16].

In 2022, Lee et al. proposed an F-P structured hydrogen sensor for detecting hydrogen
in a liquid state, which can detect hydrogen escaping from transformer oil due to mechanical
damage (Figure 10) [17]. A single-mode fiber was attached to a glass cavity using a fiber
optic hoop, and then the SiNx layer and Ti layer were modified sequentially to enhance
the adhesion of the outermost Pd. The Pd layer and the glass cavity formed the sensing
FPL The glass layer and the fiber served as the temperature calibration. In addition, a
micro-window was designed and located on the Pd-SiNx layer to relieve the extra stress
brought by the detection of liquid. Under atmospheric conditions, the sensor showed a
hydrogen sensitivity of 29.6 nm/% with a response time of 12.5 s.

The sensing parameters of the above interference-based fiber optic hydrogen sensors
are shown in the Table 1.
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Figure 10. Schematic of an F-P structured hydrogen sensor [17].

Table 1. Sensing parameters of the interference-based fiber optic hydrogen sensors.

Sensitive Film Concentration Response

Interference Type (Thickness) Range Sensitivity Time References
MZI Pd (10 nm) 0-3% - 40s [5]
Michelson interference Pd wire (0.06 m) 0-0.98% - 8 min [7]
Extrinsic FPI Pd (2 um) 0.5-5% 32 ppm 9s [8]
Extrinsic FPI Pd-Ag (100 nm) 0.2-4% 24 nm/% 1 min [9]
MZI Pdg51Aug 49 wire 0-20% 0.175 nm/% 3 min [13]
Sagnac Pt-loaded WO3/SiO, 0-1.0% 7.877 nm/% 80s [14]
FPI Graphene (2 r(‘ig);fn‘)‘ (113 nm)-Pd 0-3.5% 10.8 dB/3.5% 435 [15]
UiO-66-NH,; MZI UiO-66-NH, 0-0.8% 8.78 dB/% 27s [16]
FPI SiNy (2 um)-Ti-Pd (200 nm) 0-4% 29.6 nm/% 125s [17]

The interferometer hydrogen sensor has the advantages of easy manufacturing and
straightforward design. However, their sensitivities and robustness are easily affected by
external surrounding’s vibration and temperature variations.

2.2. Grating Fiber Optic Hydrogen Sensors

In 1999, Sutapun [18] proposed a hydrogen sensor based on fiber Bragg grating. The
structure of the sensor is shown in Figure 11; the surface of the fiber Bragg grating was
coated with 560 nm-thick palladium film. When the probe was surrounded by hydrogen,
the palladium film would absorb the hydrogen and then swell, which would change the
period of the fiber Bragg grating. The hydrogen concentration could be measured by
detecting of the variation of the fiber Bragg grating’s resonant wavelength. When the
hydrogen concentration was in the range of 0.5% to 1.4%, the sensitivity of this sensor was
1.95 x 10~ nm/%.

In 2006, Troulillet [19] reported the hydrogen sensor based on a long-period fiber
grating. The structure of the sensor is shown in Figure 12. One side of the long-period fiber
grating was coated with palladium film with a length of 3 cm and a thickness of 50 nm. The
hydrogen concentration could be detected by monitoring shifts of the resonant wavelength.
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Figure 11. Hydrogen sensor based on fiber Bragg grating [18].
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Figure 12. Long-period fiber grating-type hydrogen sensor [19].

In 2008, Kim [20] reported the cascaded long-period fiber grating-type hydrogen
sensor. The structure of the sensor is shown in Figure 13. The period and length of the
long-period fiber gratings are 500 pm and 20 mm, respectively. The space between the two
long-period fiber gratings is 50 mm. The surface of the cascaded long-period fiber grating
was coated with a 50 nm thick and 70 mm-long palladium film. The hydrogen concentration
could be measured by detecting the interference peak wavelength. The experimental results
showed that the effective refractive index of the cladding modes was increased after the
palladium layer absorbed the hydrogen. The interference spectrum showed a blue-shift.
While working in the hydrogen with the concentration of 4%, the spectrum of the sensor
moved to the shorter wavelength direction with a wavelength sensitivity of —0.29 nm/%.

Wide spectrum -7 ~~
P £ Probe - @ Spectrometer
~ -

light source

~ -

Pd coating

[ITT:irG: TTIT 1PG2

Figure 13. Cascaded long-period fiber grating-type hydrogen sensors [20].

In 2013, Silva [21] reported a tapered fiber grating-type hydrogen sensor based on
Bragg fiber grating. As shown in Figure 14, the femtosecond laser technology was used
to write the FBG fiber grating in a tapered fiber with a diameter of 50 um. And then its
surface was coated with 150 nm-thick palladium film. The second FBG fiber grating was
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written in the ordinary optical fiber with a diameter of 125 um to realize the temperature
compensation. The experimental results showed that at room temperature, the sensor could
detect the hydrogen concentration in the range from 0% to 1% with a maximum sensitivity
of 81.8 pm/%.

ASESource /™, e eeee—e—e———————

Coupler 0 :

" FBG2  FBGI "
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1 Sensing head Pd coating :
Bragg meter : 1
= 1
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! P E— FBGI I
I Light in/out :
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Figure 14. Tapered fiber grating-type hydrogen sensors [21].

In 2015, Yu et al. proposed an ultra-fine micro-nano Bragg grating hydrogen sensor
based on palladium coating (Figure 15) [22]. An FBG grating was inscribed into an ultrafine
fiber with a diameter of 3.3 um. And then the FBG surface was coated a Pd film with
a thickness of 220 nm by using the magnetron sputtering means. Under a hydrogen
concentration of 5%, the reflection peak of FBG changed approximately 1.08 nm with a
response time of 60 s.

— - ——

Wide spectrum

~

. Probe ¥ Spectrometer
light source - U
e ==
ﬂGas chamber

Pd coating

MFBG

Figure 15. Schematic of the microfiber FBG hydrogen sensor [22].

Dai et al. in 2022 proposed a compact fiber optic hydrogen sensing system based on a
self-referencing structure of FBG with controlled heating technology (Figure 16) [23]. The
sensing probe was fabricated with a nano-WO3-Pd,Pt-Pt film with a double FBG mosaic,
which worked by relying on the aero chromic effect of the hydrogen-sensitive film. The
peak intensity and the background intensity of the highly reflective FBG worked as the
reference intensity and the sensed intensity, respectively. The experimental results showed
that the sensor can work stably in the range of 1-1000 ppm of hydrogen at 80 °C. The
resolution of this hydrogen sensing system can reach up to 0.2 ppm. Meanwhile, the sensor
achieved a fast response of less than 1 s for a concentration of 4000 ppm of hydrogen in air.

Recently, a new Bragg grating hydrogen sensor with palladium coating (Figure 17)
has been proposed by Buchfellner [24]. A 10 mm-long Bragg grating with pi shift (PSFBG)
is coated with palladium with a length of 4 mm. As the Pd coating length is smaller than
the PSFBG length, the flanking wavelengths of the wide reflection band are temperature-
sensitive, while the notch wavelengths of the narrow transmission band are hydrogen-
sensitive due to the strain caused by hydrogen absorption of Pd changes part of the grating
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period. The sensor can be self-calibrated for temperature change at hydrogen concentrations
of 800-10,000 ppm.
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Figure 16. Schematic diagram and sensing mechanism of the sensing probe [23].
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Figure 17. Schematic of a partly Pd-coated Pi-shifted FBG hydrogen sensor [24].

In 2021, Zhang et al. [25] proposed a tilted fiber Bragg grating (TFBG) hydrogen sensor
based on Pd/Au composite nanofilms, as shown in Figure 18. Pd and Au films with thickness
of 25 nm and 35 nm were deposited on the surface of TFBG by the magnetron sputtering
method. The experimental results illustrated that when the hydrogen concentration changes
from 0% to 1.02%, the intensity of cladding mode resonant wavelength (1558.4 nm for instance)
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decreases by 1.628 dB, and the hydrogen concentration sensitivity of 1.597 dB/% was obtained.
The average response and recovery time were 37 s and 49 s, respectively.

Pd nanofilm
Au nanofilm TFBG
Cladding

Core

[

Figure 18. Schematic diagram of the proposed Pd/Au nanofilms-coated TFBG hydrogen sensor [25].

In 2021, as shown in Figure 19, Zhang et al. [26] proposed a hydrogen sensor based
on tilted fiber Bragg grating (TFBG) coated with polydimethylsiloxane (PDMS)/WOj3
composite film. The WO3 powder can be adhere well to the surface of TFBG by the flexible
PDMS film, and the proposed fiber hydrogen sensor showed the sensitivity of 0.596 dB/%
under the hydrogen concentrations from 0% to 1.53%. The average response time and
recovery time of the sensor were 93 s and 107 s, respectively.

Transfer
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generator interface
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© aoooonn
o 8000080
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Figure 19. Schematic diagram of the TFBG hydrogen sensor [26].

In 2022, Shen et al. [27] proposed a highly sensitive reflective-type fiber hydrogen sensor
based on an enlarged taper cascaded with a tilted fiber grating (TFBG), as shown in Figure 20.
Hydrogen-sensitive Au-Pd nanofilm was coated on the TFBG surface by magnetron sputtering
means. By cascading an enlarged taper upstream to the TFBG, cladding modes and Ghost
mode of the TFBG could be coupled into the core to form a reflective-type TFBG-based
hydrogen sensor. The proposed sensor showed a high sensitivity of 4.83 dB/% with a
calculated LOD of 0.07% for the hydrogen concentration range from 0% to 0.7% at room
temperature with the rapid response time of 26 s and recovery time of 40 s, respectively.

Enlarged taper Pg\ ;‘AU
Pt
SO ~ TFBG g
— Corg —————— > Il - . Q
b a, ®

Figure 20. The specific structure of the sensing head [27].

The sensing parameters of the above optical fiber grating-based hydrogen sensors are
shown in the Table 2.
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Table 2. Sensing parameters of the grating-based fiber optic hydrogen sensors.

. Sensitive Film Concentration cesos Response
Grating Type (Thickness) Range Sensitivity Time References
FBG Pd (560 nm) 0.6-1.3% 0.0195 nm/ % ~10 min [18]
LPG Pd (50 nm) 0-4% 1.72 pm/% 2 min [19]
LPG Pd (50 nm) 0-4% 0.29 nm/min 10 min [20]
tapered FBG Pd (150 nm) 0-1% 81.8 pm/% 2 min [21]
ultra-fine
micro-nano Pd (220 nm) 0-5% 1.08 nm /5% 1 min [22]
FBG
FBG nano-WOj (160 nm)-Pd, Pt (40 nm)-Pt (5 nm) 0.005-1.2% - 1s [23]
Ni (10 nm)-Pdg; :Nig (500 nm)-Pdsg:Ptsg 10 ~ .
PSFBG (40 nom)-PTFE (40 nim) 0.08-1% 10s [24]
TFBG Pd (25 nm)-Au (35 nm) 0-1.02% 1.597 dB/% 37s [25]
TFBG PDMS/WOQ3 0-1.53% 0.596 dB/ % 93s [26]
TFBG Au (25 nm)-Pd (35 nm) 0-0.7% 4.83 dB/% 26s [27]

The hydrogen sensor based on grating fiber offers significant advantages in distributed
measurement and temperature correction due to its own sensing mechanism. Consequently,
fiber grating-based hydrogen sensors typically have higher accuracy. However, the fiber
Bragg grating hydrogen sensor needs to be stripped of the coating layer during production,
and part of the fiber cladding needs to be corroded to reduce its grating diameter to obtain
higher sensitivity, which will greatly weaken the mechanical strength of the fiber Bragg
grating hydrogen sensor.

2.3. Surface Plasma Resonance (SPR) Fiber Optic Hydrogen Sensors

In 1993, as shown in Figure 21, Chadwich [28] proposed an SPR hydrogen sensor. The
surface of the inverted prism was coated with palladium/nickel alloy. When the polarized
light enters the interface between glass and medium at an angle exceeding the critical
angle, total reflection occurs. At the interface between the two media, evanescent waves
are generated, and SPR occurs when the dielectric constants of the metal and glass meet
certain conditions, and the effective refractive index expression that can generate SPR can

be expressed as,
2
Epmn
Nspr = | — 1
sPR =1\ e 2 @

where Ngpr is the effective refractive index of the surface plasma wave, €y is the dielectric
constant of the plated metal film, and #; is the effective refractive index of the external
environment of the metal film. Theoretically, once the thickness of the metal film is de-
termined, the resonance wavelength of the SPR it can excite completely depends on the
refractive index of the environment in which it is located. When Pd absorbs hydrogen gas,
its dielectric constant changes, which affects the SPR spectrum. For this sensor, the lowest
hydrogen concentration that could be detected was 0.15%.

Evanescent wave
. . PR
Pd/Nicoating

Reflected light
Polarized incident light

Figure 21. Surface plasma resonance sensor structure [28].

In 1998, Benson [29] proposed a Pd/WO; film-based fiber optic hydrogen sensor by
using an SPR means. The sensitivity and the response speed of the proposed hydrogen
sensor are improved. However, its stability was affected by the water vapor on the surface
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of WOj3. In 2004, Hu [30] proposed a Pd/Au composite film SPR-based hydrogen sensor.
Compared with the single Pd film-based hydrogen fiber sensor, this sensor showed good
reliability, high sensitivity, and good responsivity. Compared to the single Pd (20 nm)
film hydrogen sensor, the highest sensitivity of the Au (2 nm)/Pd (20 nm) composite film
hydrogen sensor increased by 49.4%.

In 2011, Zhang [31] reported an SPR fiber optic hydrogen sensor, in which the sensor
probe was fabricated with the Pd/Ag composite film on a side polished fiber type “D”. The
effective refractive index of the side polished fiber SPR mode increased with the increasing
of the refractive index of the sensing area and decreasing with increasing of the thickness of
the cladding material. This kind of fiber optic hydrogen sensor based on Pd/Ag composite
film can improve the stability and sensitivity in hydrogen monitoring.

In 2015, as shown in Figure 22, Tabassum et al. [32] proposed a silver-based fiber optic
cladding-free SPR hydrogen sensor. The cladding-free core was first coated with silver (Ag)
and then coated with palladium-doped zinc oxide nanocomposite, to fabricate a hydrogen
sensing probe. When the probe absorbed hydrogen, the dielectric constant of the composite
changed, resulting in a drift of the SPR spectral. As the hydrogen concentration changed
from 0% to 4%, the SPR resonant wavelength showed a red-shift, and the response time of
the sensor was about 1 min.
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Figure 22. The specific structure of the sensor [32].

In 2018, Zhang et al. [33] used a large-angle tilted fiber grating to excite SPR in air to
detect hydrogen concentration. As shown in Figure 23, the SPR was excited by plating 30
nm gold film on a 23-degree tilted fiber grating. Then, a palladium film with a thickness
of 7 nm was coated on the gold film. The experiment results showed a linear relationship
between hydrogen concentration and SPR mode change at hydrogen concentration range
from 0% to 1.7%. The sensitivity was —0.15 dB/% with a detection limitation of 380 ppm.
In 2019, Cai et al. [34] plated a 60 nm-thick Pd film on the surface of TFBG, which had a tilt
angle of 10 degrees, as the SPR hydrogen sensing head. The experimental results showed
that the SPR mode changed by 0.4 dB while the hydrogen concentration changed from 0%
to 0.4%. The response time was approximately 3 min with a detection limit of 0.018%.
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.0 o ~ { I
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Light in
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Figure 23. The sensing system structure [33].
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The sensing parameters of the above SPR-based fiber optic hydrogen sensors are
shown in Table 3.

Table 3. Sensing parameters of the SPR-based fiber optic hydrogen sensors.

Sensitive Film Concentration e s Response
SPR Type (Thickness) Range Sensitivity Time References
Kretschmann—-Raether SPR Pd (633 nm) 0-5% - 30s [28]
Kretschmann—-Raether SPR Pd (10 nm)/WO3 (300 nm) 0-5% - 20s [29]
Kretschmann—-Raether SPR Pd (20 nm)/Au (2 nm) 0-10% - - [30]
SPR fiber optic Pd (22 nm)/Ag (4 nm) 0-4% - 5 min [31]
silver-based fiber optic ) o o .
cladding-free SPR Ag (40 nm)/ZnO:Pd (80 nm) 0-4% 139 nm /4% [32]
large-angle tilted fiber grating SPR Pd (7 nm)/Au (30 nm) 0-1.7% —0.15dB/% 4 min [33]

SPR-type fiber optic hydrogen sensors show high sensitivity. However, most of the
sensing spectral range of the SPR hydrogen sensor are located in the near-infrared band,
thus there are specific equipment requirements. Additionally, the most crucial metal coating
for SPR activation likewise necessitates pricey machinery, making the production of SPR
Sensors expensive.

2.4. Micro Lens Fiber Optic Hydrogen Sensors

In 1991, Butler [35] proposed a micro-lens fiber optic hydrogen sensor. The structure
of the sensor was shown in Figure 24. The end of the MMF was coated with 10 nm thick
palladium film. The fiber core and cladding diameter were 50 um and 125 um, respectively.
The light emitted from the light source propagated to the sensing head via the coupler and
was reflected at the end face of the MMF. The reflected light went through the coupler and
came back to the detection device. The refractive index and the reflectivity of the palladium
film changed due to the hydrogen absorption, which caused the intensity changes of
the output light. By detecting the output intensity change, the hydrogen concentration
variation could be measured.

Light Source

Coupler -~ N
L Probe \
~ - 4
. @ Pd coating
Light detector l
MMF Fiber core
Cladding

Figure 24. Micro lens-type fiber optic hydrogen sensor [35].

In 1998, Chuck [36] coated the palladium film and palladium alloy film on the end of
the optical fiber, forming a thin film etalon. The palladium film etalon-based sensor showed
good repeatability in low hydrogen concentration measurement. In 1999, Kazemi [37] tested
the response capability of the micro lens sensor at —18 °C to 122 °C. They found that the
response time of hydrogen detection was inversely proportional to temperature; the lower
the temperature, the longer the response time. And the response time changed significantly
as the hydrogen concentration was less than 1%. In 2000, Bevenot [1] proposed a micro-
lens-type fiber optic hydrogen sensor with a response time of 5 s under the hydrogen
concentration range of 1% to 17%. And it could realize a rapid detection of the hydrogen
concentration below the explosion limit. And increasing the environment temperature
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could reduce the reaction time. In 2007, Slaman et al. [38] reported a fiber optic hydrogen
sensor based on a chemically plasmonic color-changing metal oxide coating (as shown in
Figure 25). A 50-nm-thick Mgy Tisp film was coated at the end of a multimode fiber as
a switchable mirror, and then a 30-nm Pd was coated on the Mgy Tizg film to use as the
sensing layer. Finally, a protective coating was coated on the Pd film to protect the sensor.
The magnesium-based alloy good hydrogen-sensitive achromatic properties allow it to be
rapidly reduced by a factor of ten at a hydrogen concentration of about 4%. The sensor
showed good cyclability as well as a fast hydrogen response rate.

Light Source

Gas chamber

Coupler P T~ N
4 Probe
\ /
~SJ — - -
Light detector ﬁ Switchable mirror
MMF Fiber core «— Protective coating
Cladding

Catalyst Pd

Figure 25. Layout of the fiber optic hydrogen detector [38].

In 2011, Park et al. [39] proposed a dual-cavity structure optical fiber hydrogen sensor,
as shown in Figure 26. The sensing cavity was fabricated by plating a 20 nm-thick Pd film
on the end of a single-mode fiber, and then a hollow fiber with a length of 35 um was
inserted upstream of the single-mode fiber to form a reference cavity. When Pd absorbed
hydrogen, the intensity of the reflection peak on the interference spectrum decreased. The
reflection peak associated with the reference cavity could compensate the power fluctuation
of the light source.

Light Source

Gas chamber

————

Coupler
Probe

Light detector

SMF HOF SMF

Cladding
Fiber core =5 —)  <«—20nm Pd

Nickle
Figure 26. Schematic of the dual-cavity hydrogen sensor [39].

In 2019, Xu et al. [40] proposed a polarization-modulated fiber optic reflective hydrogen
sensing system, as shown in Figure 27. The hydrogen sensing probe consisted of a polarization-
maintaining fiber (PMF) coated with Pt-WO3. When Pt-WQOj3 absorbed hydrogen and released
heat, the temperature of the PMF increased, causing a polarization state change of the PME
This resulted in a shift of the reflection spectrum. A sensitivity of 18.04 nm/% in the range of
0-4% hydrogen concentration with high repeatability was obtained.
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Figure 27. Diagram of the polarization-modulated fiber optic reflective hydrogen sensor [40].

The sensing parameters of the above micro-lens-based fiber optic hydrogen sensors
are shown in the Table 4.

Table 4. Sensing parameters of the micro-lens-based fiber optic hydrogen sensors.

Micro Lens Type S?{,‘lili?l‘(lzel;lsl;n COI}::;\;I‘:UOII Sensitivity Re;i;);:se References
MMF-micro-lens Pd (10 nm) 0-0.4% - 5 min [35]
Micro-lens Pd (22 nm) 1-17% - 14s [1]
Micro-lens MgyoTizg (50 nm)/Pd (30 nm) 0—4% - - [38]
Dual-cavity Pd (20 nm) - - 3 min [39]
Polarization-modulated micro lens Pt/WOj3 (20 um) 0-4% 18.04 nm/ % 5s [40]

The micro lens-type fiber optic sensors have a simple structure and are easy to fabricate,
which make the micro lens-type fiber optic sensor suitable for commercial use. However,
due to its characteristics based on light intensity sensing, it is extremely sensitive to both
light source disturbance and fiber loss.

2.5. Fiber Optic Evanescent Field Hydrogen Sensors

When the incident light propagates to the interface between two kinds of materials with
different refractive index, the distribution of light field satisfies the boundary conditions of the
electromagnetic field, thus there are light field in both of the materials. Studies showed that
when the incident angle and the refractive index of the small refractive index material changed,
the effective penetration depth of the transmitted wave in the medium will change, which
is the basic principle of the evanescent field fiber optic hydrogen sensor [41]. Theoretical
analysis showed that when the wavelength of the input light increases or the refractive
index of the sample to be measured becomes higher (close to the core refractive index value
for instance), the depth of the evanescent field will also increase. And when the incident
angle is equal to the critical angle of total reflection, the transmission depth will reach its
maximum value [42].

A typical fiber optic evanescent field hydrogen sensor’s structure is shown in Figure 28.
The fiber cladding was stripped and coated with a layer of hydrogen-sensitive film. The
evanescent wave could be excited and propagated between the fiber core and the boundary
of the hydrogen-sensitive film. The sensor showed good repeatability, but its responsiveness
and recoverability were greatly influenced by the humidity of the environment. Compared
to the traditional sensors, which could only be used to measure the hydrogen concentration
at one point or few points, the evanescent field fiber optic hydrogen sensor could be used
to measure the hydrogen concentration in three-dimensional space.
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Figure 28. Evanescent-field-type fiber optic hydrogen sensor.

2.5.1. D-Type Fiber Optical Hydrogen Sensors

D-type fiber is a kind of fiber with a D-shaped end face, which can be obtained
through fiber polishing or corrosion, as shown in Figure 29. Due to its unique structure, the
evanescent wave generated on the interface between the fiber core and the environment
can interact directly with the gas or interact indirectly with the gas through the sensitive
film coated on the surface. The gas concentration can be measured by the change of the
output optical signal of the sensor.

Fiber core

Cladding

Figure 29. Schematic of the D-type fiber optic sensor.

In 2010, Liu [43] proposed an evanescent wave-based hydrogen sensor by coating with
the Pd and Pd/WOj3 on the surface of a D-type optical fiber. As shown in Figure 30, the
sensing system consisted with a stable light source, optical power meter, hydrogen detector
and a gas chamber. The sensing probe was sealed in the gas chamber. A high degree of
linear correlation between the optic power and the concentration of the hydrogen with
good reproducibility were obtained.

Sensor H: meter
Gas out
4
N \ [ ] ¥ Optic power
Light Source
2 Q Q LY meter
H» N2 Gas chamber

Figure 30. Pd and Pd/WOj3 based D-type optical fiber hydrogen sensor [43].

In 2015, as shown in Figure 31, Yan [44] reported on an ultra-high temperature fiber
optical chemical sensor based on nano-porous metal oxides. Nano-porous functional metal
oxides and their doped variants were prepared through a solution-based approach and
were integrated into a D-shaped silica fiber Bragg grating. By detecting the wavelength
peaks of the Bragg grating, the refractive index change and optical absorption loss due to
the redox reaction that occurred between Pd-doped TiO; and hydrogen were monitored in
the temperature range from room temperature to 800 °C. The response time was less than 8 s.



Chemosensors 2023, 11,473 18 of 32

- ——

Wide spectrum RN
. p Probe 3 Spectrometer
light source - @

_____ — -
! | Gas chamber
Pd coating
'

Figure 31. Experiment setup of the sapphire fiber-based sensor [44].

In 2016, as shown in Figure 32, Poole [45] reported a distributed high-temperature sensor
based on a D-shaped optical fiber Bragg grating modified with a palladium-sensitized meso-
porous (~5 nm) TiO, film. The distributed sensor had potential for hydrogen concentrations
detection up to 10%, and it could be worked at temperatures higher than 500 °C.

Wide spectrum
light source

Spectrometer

Figure 32. D-shaped optical fiber Bragg grating modified with a TiO, hydrogen sensor [45].

In 2019, as shown in Figure 33, Cao et al. [46] presented an optical fiber hydrogen
sensor by using palladium and gold alloy nanostructures as the sensing material coated on a
D-shaped optical fiber. A silicon dioxide nanotip structure was formed on the surface of the
D-shaped fiber. Palladium and gold alloy were deposited on the nanotip structure of the
D-shaped fiber to form a nano-alloy sensor film. The interaction of attenuation between the
guided light propagating in the fiber core and the nano-alloy enables high-sensitivity detection
of hydrogen in the concentration range of 0.25% to 10% under atmospheric pressure.

Wide spectrum N
. { X 3 Spectrometer
light source _- @

Figure 33. Palladium and gold alloy nanostructures based D-shaped optical fiber hydrogen sensor [46].

The sensing parameters of the above D-type fiber-based hydrogen sensors are shown
in the Table 5.
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Table 5. Sensing parameters of the D-type based fiber optic hydrogen sensors.
Sensitive Film Concentration .

D-Type (Thickness) Range Response Time References
D-type Pd (30 nm)/WO3 (30 nm) 0-4% - [43]

D-type FBG TiO, /Pd 0.02—4% 8s [44]

D-type FBG TiO, /Pd (5 nm) 0-10% 2 min [45]
D-type Pd/Au (15 nm) 0.25-10% - [46]

D-shaped fiber is sensitive to external refractive index changes, which makes the
structure have a high sensitivity. However, due to the removal of a lot of cladding in the
production process of the D-shaped structure, the structure is extremely fragile and easy to
be broken by lateral forces.

2.5.2. Tapered Fiber Hydrogen Sensors

The tapered optical fiber is a type of optical fiber that features a gradual change in
diameter along its length, as depicted in Figure 34. It can be fabricated by employing the
corrosion method or fused taper method. The sensing principle is based on the interaction
of the evanescent wave in the vicinity of the conical region with the gas either directly or
indirectly through the sensitive film coated on the conical area, which causes a change
in the penetration depth of the evanescent wave. Subsequently, the change in the output
optical signal of the sensor can be utilized to measure the concentration of unknown gases.
A reduction in the diameter of the conical waist, coupled with an increase in the incident
wavelength, leads to an improvement in the sensor’s sensitivity and resolution.

Molten zone Cladding

I — | Fiber core

Figure 34. Schematic of the tapered fiber sensor.

In 2001, Villatoro [47] conducted a study on tapered fiber hydrogen sensors coated
with an annular palladium film. The sensor was immune to polarization, and its sensitivity
could be adjusted by modifying the tapered diameter, length, and optical wavelength [48].
The output optical power of the sensor changed by 60% when the hydrogen concentration
was below 4% with a rapid hydrogen absorption/desorption rate. Additionally, when
a thin palladium film was deposited on a 1.3 pm diameter and 2 mm-long tapered SMF,
the hydrogen sensor showed excellent reversibility, reduced response time of 10 s, which
was several times faster than the conventional sensor. In 2005, Villatoro [49] coated a
palladium film on a single-mode or multimode tapered fiber or fiber Bragg grating with
a polished side. The single-mode tapered fiber sensor demonstrated the best sensitivity
when the hydrogen concentration was 4%. Furthermore, Villatoro [50] fabricated the
multimode tapered fiber by oscillation flame heating and utilized a low-power 850 nm LED
as the light source. By altering the taper waist diameter with uniform palladium film, the
sensor’s response time could be adjusted. The sensor was particularly suitable for detecting
hydrogen concentrations below 4%, exhibiting high sensitivity with a response time of 40 s.
In 2006, Zalvidea [51] reported an experimental study on palladium-coated tapered optical
fibers within a temperature range of —30 °C to +80 °C. They investigated the response
time and initial response velocity and correlated these measurements with the pressure—
composition isotherms of the Pd-H system and its phase transitions. A 25 um tapered waist
and 8 mm-long tapered optical fiber sensor demonstrated the most substantial response
speed when the temperature was —30 °C and the hydrogen concentration was below 4%. In
2017, Yahya [52] reported a novel hydrogen sensor by coating a manganese dioxide (MnO,)
nanostructure on a multimode fiber taper with a reduced core diameter of 20 pm, as shown
in Figure 35. MnO; nanoparticles were synthesized using a chemical bath deposition (CBD)
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method and then coated onto the tapered fiber. To enhance H;, detection, palladium was
sputtered onto the MnO; layer.
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Figure 35. Multimode fiber taper based gas sensing experimental setup [52].

In 2022, Alkhabet et al. [53] reported an MMF taper hydrogen sensor by using a
palladium/graphene oxide (Pd/GO) nanocomposite coating as a sensing layer, as shown
in Figure 36. The sensitivity of 33.22/vol% with a response time of 48 s and a recovery time
of 7 min were obtained under the H, concentration range from 0.125% to 2.00%. The sensor
also exhibited good selectivity and stability.
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Figure 36. Sketched of tapered fiber coated with Pd/GO hydrogen sensor [53].

The sensing parameters of the above tapered fiber-based hydrogen sensors are shown
in the Table 6.

Table 6. Sensing parameters of the tapered fiber-based optic hydrogen sensors.

Sensitive Film Concentration Response

Tapered Type (Thickness) Range Sensitivity Time References
Pd-coated SMF tapered Pd (12 nm) 0-4% - 10s [47]
Pd-coated MMF tapered Pd 0-4% - 40s [50]
Pd-coated FBG tapered Pd 0-4% - - [51]

MnO;-coated MMF tapered MnO, /Pd (20 um) 1-21% 3.61/vol% 7 min [52]
Pd/GO-coated MMF tapered Pd (200 nm)/GO (610 nm) 0.125-2% 33.22/vol% 48 s [53]

2.5.3. Bare Core Fiber Optic Hydrogen Sensors

As shown in Figure 37, the bare core fiber sensor structure could be obtained by
removing the cladding of the ordinary fiber. The sensing principle involves the evanescent
wave near the surface of the bare fiber core interacting directly with the gas or indirectly
through the sensitive film coated on the surface of the bare fiber core. The depth of
the evanescent wave changes due to this interaction. Consequently, the unknown gas
concentration could be measured by observing the change in the output optical signal of
the sensor.
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Figure 37. Bare core fiber optic hydrogen sensors.

In 1999, Sutapun [18] deposited a palladium film with a thickness of 10 nm to
20 nm onto the surface of a multimode bare fiber. At room temperature, the sensor could
detect hydrogen concentrations ranging from 0.2% to 0.6%, with a response time of 20 s
to 30 s. In 2000, Sekimoto [54] altered the cladding of the fiber to change the intensity of
the evanescent field using two methods: (1) coating the fiber with a dispersed Pd/WOs3
silicone resin as the cladding; (2) using the Pd/WOj sol as the cladding. When WO;
encountered hydrogen, it generated tungsten bronze, which absorbed a significant amount
of the evanescent field. In 2003, Okazak [55] coated WOj; containing platinum/palladium
catalyst on the bare optical fiber core of a 200/230 pum plastic clad silica fiber. The sensor’s
output optical power could be reduced by 75% when the hydrogen concentration was
at 1%. Furthermore, in 2005, Villatoro [56] deposited a palladium film on a multimode
bare fiber core, forming an evanescent wave hydrogen sensor. The sensor exhibited high
sensitivity and a fast response speed when the hydrogen concentration was within the
range of 0.5% to 3%. In 2007, Zhao [57] removed the MMF cladding by using a corrosion
method and coated a 20 nm or 30 nm palladium film on the surface of the fiber. The sensor
could detect hydrogen concentrations between 1% and 4%.

In 2021, Dai [58] reported an optical fiber hydrogen sensor based on a WO3-Pd,Pt-Pt
nanocomposite film, as shown in Figure 38. The WO3-Pd,Pt-Pt nanocomposite film was
deposited on a single-mode fiber as the hydrogen sensing material, and its reflectivity
changed in response to varying hydrogen concentrations. A pair of balanced InGaAs
photodetectors were employed to detect these reflectivity changes and convert them into
electrical signals. The performance of the WO3-Pd,Pt-Pt composite film was examined
under different optical powers, and the results demonstrated a high resolution of 5 ppm
(parts per million) within a broad range of 100-5000 ppm in air.
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Figure 38. Schematic of the WO3-Pd,Pt-Pt based optical fiber hydrogen sensing system [58].
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The sensing parameters of the above bare core fiber-based hydrogen sensors are shown
in the Table 7.
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Table 7. Sensing parameters of the bare core fiber-based hydrogen sensors.

Sensitive Film Concentration e Response
Bare Core Type (Thickness) Range Sensitivity Time References
Pd-coated bare fiber Pd (10 nm to 20 nm) 0.2-0.6% - 20s [18]
WOj3-coated bare fiber WO3 0-1% - - [56]
Pd-coated MMF bare fiber Pd (1-100 nm) 0.5-3% - 30s [57]
Pd-coated MMF bare fiber Pd (20 nm) 1-4% - - [58]

Compared with D-shaped fiber and tapered fiber, the bare core fiber hydrogen sensor
removes all thin layers in the sensing area, which greatly improves the sensing accuracy of
the sensor. However, this characteristic also renders the sensor’s vibration resistance and
mechanical strength.

2.5.4. Core Mismatch Type Fiber Optic Hydrogen Sensor

The core mismatch type fiber optic sensor is a novel evanescent wave sensor that involves
welding the two ends of the SMF into the MME, respectively, as shown in Figure 39 [59]. The
evanescent wave near the SMF cladding (sensing area) could directly interact with the
gas or indirectly interact with the gas through the sensitive film coated on the surface of
the SMF cladding, resulting in a change in the penetration depth of the evanescent wave.
By monitoring the change in the output optical signal of the sensor, the gas concentration
could be measured.

Sensing area
Fiber core

Cladding

. MMF
. SME-
MMF -~

Figure 39. Core mismatch type fiber optic hydrogen sensor [59].

In 2007, Donato [60] proposed a core mismatch type fiber optic sensor with an MMF-
SMF-MMEF structure. A 10 nm-thick film of either pure palladium or palladium—gold alloy
was deposited on the SMF sensing area. The sensor exhibited good sensitivity, robustness,
and reversibility with a response time of less than 15 s. In 2017, Shao [61] et al. spliced
an SMF to a coreless fiber, and then attached another SMF to create a core mismatch
interferometric structure (Figure 40). They coated a Pd/WOsj; film on the surface of the
coreless fiber to serve as a hydrogen-sensitive region. The refractive index of the Pd/WOs3
film changes as a result of varying hydrogen concentrations, leading to a shift in the
interference spectrum. The hydrogen sensitivity of 1.26857 nm/% was obtained.
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Figure 40. Specific structure of SNS sensing structure [61].
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In 2018, Zhang et al. [62] proposed an SME-MMF-SMF interferometric structure. They
wrapped a Pd/WO; film around the SMS structure to create a hydrogen sensing head
(Figure 41). When combined with an erbium-doped fiber ring laser, the sensing head was
utilized for bandpass filtering. Changes in hydrogen concentrations cause alterations in
the refractive index and strain of Pd/WOj3;, which subsequently result in a drift of the
interference spectrum. The hydrogen sensitivity of 1.23 nm/% with a lower detection limit
of 0.017% were obtained.
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Figure 41. Schematic structure of SMS modal interferometer with Pd/WO3 coating [62].

The sensing parameters of the above core mismatch fiber optic hydrogen sensors are
shown in the Table 8.

Table 8. Sensing parameters of the core mismatch fiber optic hydrogen sensors.

. Sensitive Film Concentration e .
Core Mismatch Type (Thickness) Range Sensitivity Response Time References
MMF-SME-MMF Pd (10 nm) 0—4% - 15s [56]
SMF-NCF-SMF Pd/WOj3 0-10% 1.268 nm/% - [57]
SMF-MMEF-SMF Pd/WOs 0-1% 1.23nm/% [58]

The advantage of the core mismatch type of fiber optic hydrogen sensor is that it does
not weaken the mechanical strength of this type of sensor while remaining sensitive to the
external environment.

2.5.5. Microstructure Fiber Optic Hydrogen Sensor

Microstructure optical fiber (MOF), also known as photonic crystal fiber or porous
fiber, was first proposed by Russell in 1992 [63]. This type of optical fiber is composed of
tiny air holes arranged in a regular pattern along the axial direction around the core. These
small air holes confine the light, enabling its conduction, as illustrated in Figure 42.

Cladding

Figure 42. Microstructure fiber optic hydrogen sensor [63].
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Compared to conventional optical fibers, MOFs exhibit no single-mode cutoff, distinct
chromatic dispersion properties, exceptional nonlinear and birefringence effects, high
incident power, and nonlinear phenomena specific to photonic crystal fibers. Moreover, they
facilitate multi-core transmission. The sensing principle involves the target gas changing the
effective index of the cladding, which in turn alters the penetration depth of the evanescent
wave at the core interface. Sensing can be achieved by measuring changes in the transmitted
light signal within the fiber core. By coating various types of gas-sensitive film materials
within the pores, the sensitivity of the sensor can be improved.

In 2003, Hoo [64] presented a highly sensitive and practical sensor based on the
theoretical analysis of the diffusion kinetic behavior of micro-structured fiber optic gas
sensors during the response process. In 2004, Ritari [65] proposed an air-guided photonic
bandgap fiber gas sensor for detecting acetylene, hydrogen, and hydrogen cyanide. This
sensor exhibited high sensitivity and also responded to methane and ammonia. In 2006,
Minkovich [66] developed a novel evanescent wave fiber optic gas sensor by coating a
sensitive film on the defect hole of a tapered micro-structured optical fiber. The sensor
demonstrated a fast response time, as the gas did not need to completely fill the pore. The
interaction between the palladium film and hydrogen validated its feasibility. Cordeiro
CMB [67] introduced a micro-structured fiber optic gas sensor based on total internal
reflection of light. In 2007, Ho [68] analyzed the relationship between air hole spacing
parameters and the confinement loss, as well as the sensitivity of gas detection in micro-
structured fibers. As the confinement loss was 0.1 dB/m and 1 dB/m, the maximum
relative sensitivity of the sensor ranged from 30% to 35% was obtained. In 2014, Wang [69]
proposed a sensitive hydrogen sensing device based on a selectively infiltrated photonic
crystal fiber (PCF) coated with Pt-loaded WOj3 (Figure 43). With Pt-loaded WOj3 coating
acting as the catalytic layer, hydrogen undergoes an exothermic reaction with oxygen
and releases heat when the device is exposed to gas mixtures of air and hydrogen, which
induces local temperature change in the PCF and hence leads to the resonant wavelength
shift of the proposed device. The maximum wavelength shift of 98.5 nm is obtained with a
10-mm-long infiltrated PCF for 4% (v/v) Hp concentration, and a hydrogen sensitivity of
32.3nm/% (v/v) Hy is achieved within the range of 1-4% (v/v) H in air.
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Figure 43. Schematic structure of PCF coated with Pt-loaded WOj fiber optic hydrogen sensor [69].

The sensing parameters of the above microstructure-based fiber optic hydrogen sensors
are shown in the Table 9.



Chemosensors 2023, 11,473

25 of 32

Table 9. Sensing parameters of the microstructure based fiber optic hydrogen sensors.

. Sensitive Film Concentration e Response
Microstructure Type (Thickness) Range Sensitivity Time References
PCF - - 6 ppm 1 min [64]
Tapered MOF Pd (8 nm) 0-5.6% - 10s [66]
0.1dB/m tol
MOF - - dB/m - [68]
PCF coated with Pt-loaded WOs5 1-4% 32.3nm/% 15 min [69]

Pt-loaded WO;3

2.6. Integrated Optical Waveguide Fiber Optic Hydrogen Sensors

In 1992, Bearzotti [70] constructed a Mach—Zehnder interferometer using a lithium
niobate single-mode waveguide coated with palladium film, as depicted in Figure 44. When
the palladium film absorbed hydrogen, the refractive index changed, leading to a phase
shift of the light within the waveguide. This phase shift could be detected by observing
changes in the intensity of the output light.

Pd coating Single-mode waveguide

|

Sensing arm 1

Light in

Reference arm

Light out

Basal

Figure 44. Waveguide fiber optic hydrogen sensor based on the Mach-Zehnder interferometer [70].

Another type of optical waveguide hydrogen sensor involves coating a lithium niobate
waveguide with Pd and WOj as the sensing layer. The propagating light interacts with the
layered Pd/WOQOj3; through the evanescent wave. By comparing the light intensity between
the sensing arm and the reference arm, the hydrogen concentration can be detected [71]. In
2001, Hugon [72] developed a waveguide sensor based on surface plasmon resonance (SPR),
as illustrated in Figure 45. The palladium film coated on the surface of a single-mode strip
waveguide served two purposes: one was as a photochemical sensor, and the other was as
a support for the surface plasmon wave (SPW). The hydrogen content in the palladium film
varied with the hydrogen concentration, influencing the interaction between the guided
wave mode and the SPW. The sensor was capable of detecting hydrogen concentrations
below 4%.
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Figure 45. Integrated fiber optic hydrogen sensor based on the SPR [72].
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The sensing parameters of the above integrated optical waveguide fiber optic hydrogen
sensors are shown in the Table 10.

Table 10. Sensing parameters of the integrated optical waveguide fiber optic hydrogen sensors.

Integrated Sensitive Film Concentration

Waveguide Type (Thickness) Range Sensitivity Response Time References
MZI Pd (120 nm) 0-1% - 30s [70]
Integrated optical o }
waveguide SPR Pd (20 nm) 0-4% 100s [72]

Airin

Optical fiber
———]

Prism

The integrated optical waveguide fiber optic hydrogen sensor offers advantages
such as high sensitivity, accurate information, compact size, and the potential for mass
production. Its primary drawback, however, is the difficulty in achieving an effective,
low-loss connection between the SMF and the waveguide.

2.7. Direct Transmission/Reflection-Type Fiber Optic Hydrogen Sensor Measurement

A straightforward method for detecting hydrogen with a sensor involves directly
measuring the transmission and reflection data of the palladium film, as Mandelis [73] and
Wan [74] developed in Figure 46. When the palladium film was exposed to hydrogen, the
transmission intensity increased while the reflection intensity decreased. In transmission
mode, optimal output intensity and sensitivity were achieved with a palladium film
thickness between 10 and 20 nm. As the thickness of the palladium film exceeded 45 nm,
the palladium film became non-transparent and could only be used in reflection mode.

Optical fiber Sensing head details

Beam splitter

Air out [ ] .
_l{il:. Air in r ] Air out
— I : []—
. 1
Pd coating PVDF I +Pd
1 ;
. | PVD
Photodiode
> > | *
Spherical mirror Prism B A \

Photodiode Photodiode

Output to the preamplifier

(a) Reflection type (b) Transmission type

Figure 46. Fiber optic hydrogen sensor based on transmission/reflection measurement. PVDE:
polyvinylidene difluoride, PVD: physical vapor deposition [73,74].

In 2001, Chtanov [75] presented an MgF, /Pd/Au/SiO, multi-film structure hydrogen
sensor. The stray effects, false readings, and drifts in the monolayer film sensor were elim-
inated by utilizing the differences in optical transmission characteristics between various
films. In 2013, Zhou [76] introduced a new hydrogen sensor based on a photonic crystal fiber
(PCF) interferometer. This sensor used a reflective light path and incorporated a PCF in the
hydrogen sensing unit. A layer of metal palladium film was coated on one end of the PCF
and part of the cladding wall under vacuum evaporation. The other end of the PCF was
connected to the optical path, forming a fiber optic hydrogen sensor system. Experimental
results demonstrated that with a hydrogen concentration change from 0 to 5%, the maximum
shift of the interference resonant wavelength could reach 1.2 nm. Compared to the most
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fiber Bragg grating-based hydrogen sensors, the sensitivity was significantly improved
under the same conditions.

In addition, the attenuation spectrum change of optical fiber in the state of high
concentration of hydrogen also provides a new method to detect hydrogen. Stone [77]
summarized the effects of hydrogen on silicon-based optic fibers. Exposure of fibers to
hydrogen results in a certain amount of the gas being dissolved in the glass interstices. Due
to interaction with the glass lattice, the gas becomes infrared active and there is intense
absorption in the transmission window of fibers. This provided a way for fiber optic sensors
to detect high concentrations of hydrogen. In 2022, Stolov [78] further proved this method.

The sensing parameters of the above direct transmission/reflection-type fiber optic
hydrogen sensors are shown in Table 11.

Table 11. Sensing parameters of the direct transmission/reflection-type fiber optic hydrogen sensors.

. - . Sensitive Film Concentration Response
Direct Transmission/Reflection Type (Thickness) Range Time References

Pd/PVDF based on o
laser-amplitude-modulated Pd (5, 8,12, 26 nm) 0.2-100% 50s [72]
reflectance inversion in Pd /PVDF structures Pd (3.8, 6.5, 8 nm) 0-9% 30s [73]
multi-film structure MgF2 (0.5 pm)/Pd (10-40 nm)/ Au 0.1-10% 30s [75]

(35 nm)

reflective PCF Pd coated Pd (50 nm) 0-5% - [76]

The direct transmission/reflection measuring-type fiber optic hydrogen sensor has a
simple structure, and its fabrication is easy to implement. Additionally, this sensor is easy to
miniaturize, integrate, and make intelligent, demonstrating promising application potential.

3. Discussion

According to the hydrogen sensing principle, one can see that the hydrogen-sensitive
film of the sensor played an important role in hydrogen sensing. Differences in the thick-
ness and ingredient of the film caused differences in the sensor’s sensitivity and response
speed [79]. However, if the sensor worked in the high-hydrogen-concentration environ-
ment, after Pd absorbed hydrogen, phase « of the Pd could change to phase 3. The phase 3
of the Pd was not stable, and it was easy to make Pd release hydrogen and then transform
the phase state to phase «. Frequent transformation would cause internal stress, which
may cause the Pd film to crack off, disrupting the characteristics of the sensitive film and
decreasing the service life of the sensor [80,81]. If the composite film was used, such as
depositing a layer of Au or WO3 on the Pd, that could alleviate the symptoms.

For the micro lens fiber optic hydrogen sensor, the suitable thickness of a single Pd
film should be 20 nm to 50 nm if measuring the hydrogen concentration in the range of
0.1% to 10%. And for the composite film, doping 20 nm-thick Pd in WO3; was appropriate.
Experimental results showed that the measurement resolution of this kind of hydrogen
sensor can reach 0.01%, and it had the most obvious response to the hydrogen concentration
in the range of 2% to 4%. By improving the film system, the response speed of the micro lens
based hydrogen sensor could be faster than 15 s and the recovery time could be decreased
to 200 s.

Optical fiber interference hydrogen sensors exhibited excellent sensitivity, repeata-
bility, brief response time, and minimal cumulative error. By controlling the length of
the signal arm, one can adjust the sensor’s sensitivity. However, the sensor is limited
to relative measurements (i.e., measuring dynamic changes) and struggles with absolute
measurements. Consequently, it is unable to measure slow variables. Additionally, the
sensor is affected by temperature, which compromises its accuracy. As a result, accurately
measuring hydrogen concentration in practical applications remains a challenge for these
kinds of sensors. The grating-type fiber optic hydrogen sensor measures a limited range
of hydrogen concentrations, and its response is influenced by both the concentration and
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temperature. The sensor’s sensitivity can be improved by decreasing the grating diameter
or increasing the thickness of the palladium film. Due to its wavelength modulation basis,
the sensor boasts strong anti-interference capabilities, effectively eliminating the impact of
light intensity fluctuations. Additionally, the sensor has an intrinsic reference ability and
supports multiplexing within a single fiber, enabling simultaneous detection of multiple
hydrogen leak points and facilitating the formation of optical fiber networks. However,
when the grating diameter falls below 30 um or 40 um, the fiber becomes brittle. The
FBG hydrogen sensor requires complex techniques and costly fiber optic devices to test
wavelength shifts. It also necessitates high-power broadband light sources or wavelength-
tunable light sources. Despite these measures, detection resolution and dynamic range face
certain limitations, and the overall cost remains high.

The surface plasmon resonance (SPR) fiber optic hydrogen sensor integrates surface
plasmon technology with hydrogen sensing principles, resulting in higher sensitivity than
conventional hydrogen sensors. By combining SPR technology with optical fiber sensing,
the sensor offers numerous advantages in various applications, such as high sensitivity,
excellent corrosion resistance, immunity to electromagnetic interference, shock resistance,
explosion-proof capabilities, and flexibility. It can operate effectively in many complex
and specialized environments, making it an outstanding choice for detecting hydrogen
concentrations. However, research on this type of hydrogen sensor membrane is still in its
infancy and has yet to mature. The micro-lens-type fiber optic hydrogen sensor features a
simple structure and manufacturing process, involving the deposition of palladium film at
the end of the MMF. Signal extraction and processing are straightforward, making the sensor
easy to use, cost-effective, highly sensitive, and fast-responding. Compared to other types
of sensors, it has promising development prospects. However, it is only suitable for point
measurements. Redundant routing and addressing can only be achieved with the assistance
of a light switch, which limits multiplexing capabilities. Furthermore, the sensitivity of
the sensor response and response time interfere with each other, preventing independent
optimization. The evanescent field-type fiber optic hydrogen sensor boasts high sensitivity
compared to other sensors. When used for gas measurement, microstructure fibers can
achieve high-sensitivity evanescent wave detection, a feat that ordinary fibers struggle to
accomplish. The simplicity of its manufacturing process, standard materials, and low cost
gives it potential advantages. However, D-type and tapered optical fiber sensors require
special equipment for processing, increasing their production costs. Fiber core bare type
sensors, typically made from PCS fiber, are more expensive and difficult to match with
standard optical fibers.

Additionally, D-type and tapered fiber optic sensors are made from SMF, making
their transport distance suitable for engineering applications. These sensors demonstrate
excellent regeneration capabilities in aerobic environments, high sensitivity and response
speeds, and good temperature performance. They can be used in a temperature range close
to room temperature. Unlike conventional sensors that measure hydrogen concentration
at a single point or a few points, evanescent field fiber optic hydrogen sensors can mea-
sure three-dimensional spaces and can be wrapped around large containers or conduits.
However, there are notable drawbacks. The production process for the sensor head is
demanding, and fiber tapering, corrosion, and coating can reduce the mechanical strength
of the fiber optic components, making them more susceptible to damage.

The integrated optical waveguide fiber optic hydrogen sensor offers advantages
such as high sensitivity, accurate information, compact size, and the potential for mass
production. Its primary drawback, however, is the difficulty in achieving an effective, low-
loss connection between the SMF and the waveguide. The direct transmission/reflection
measuring-type fiber optic hydrogen sensor has a simple structure, and its fabrication
is easy to implement. By using high-performance gas-sensitive materials, the sensor’s
sensitivity can be improved. It supports distributed sensing, and multiple sensors can be
combined into a complex sensor network. Additionally, this sensor is easy to miniaturize,
integrate, and make intelligent, demonstrating promising application potential. In addition,
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using the effect of hydrogen on fiber attenuation spectrum to detect high concentrations of
hydrogen is also a useful approach. Thus, both the surface plasmon resonance (SPR) fiber
optic hydrogen sensor and the direct transmission/reflection measuring-type fiber optic
hydrogen sensor show promising application potential. When used for gas measurement,
microstructure fibers can achieve high-sensitivity evanescent wave detection, exhibiting a
range of excellent properties that are difficult for ordinary fibers to achieve. By combining
the SPR with the direct transmission/reflection measuring-type fiber optic hydrogen sensor
and using high-performance hydrogen-sensitive materials, we could theoretically achieve
high sensitivity, distributed hydrogen sensing, and low cost. This combination presents a
strong potential for practical applications.

4. Summary

In summary, most of the research achievements in fiber optic hydrogen sensing are
still in the theoretical research or laboratory stage, and there is still a considerable “distance”
for large-scale production and promotion. On the one hand, due to the current techno-
logical level, fiber optic hydrogen sensors are suffering from the drawbacks of expensive
equipment or complex manufacturing processes. The distributed multi-point detection
technology also needs in-depth research and development. On the other hand, due to the
imperfect development of fiber optic hydrogen sensing technology, there are still some
issues that need to be addressed for the optical fiber hydrogen: (1) The volume fraction
of H; does not have a simple linear relationship with the device response, which is not
conducive to improving sensitivity. (2) Currently, further optimization is needed for the
most of the hydrogen-sensitive materials or structures. (3) The performance of fiber optic
hydrogen sensors is also subject to noise interference from light sources and detectors.
(4) There is relatively little research on the ability of fiber optic hydrogen sensors to resist
environmental interference such as temperature, humidity, and cleanliness. (5) At present,
noise is still an important factor hindering the improvement of sensing sensitivity at the
technical level. (6) In addition, there are still no practical and feasible measures to suppress
the “zero drift” phenomenon of fiber optic hydrogen sensors. Therefore, industrialization
of optical fiber hydrogen sensors will be a difficult task.

In the future, we should strengthen the intersection of solid physics, quantum chem-
istry, thin film physics, and other related disciplines. In the aspect of structure, more
compact and simplified structures need to be explored, which can achieve good appli-
cability in different application scenarios. In the aspect of hydrogen-sensitive materials,
more sensitivity, faster response, a simpler production process, and cheaper materials need
to be explored. In the aspect of fabrication techniques, with the emergence of more and
more mature fiber coating technology, the choice of coating materials will become more
diverse. With the progress of the above aspects, we can further improve the selectivity and
resolution of optical fiber hydrogen sensors, solve the problem of impurity gas poisoning,
improve the design to mitigate the adverse effects of temperature cross sensitivity, and
finally realize the practical hydrogen monitoring applications.
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