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Abstract: In this work, molybdenum trioxide (MoO3) was synthesized and deposited on tapered
optical fiber using the drop-casting technique for hydrogen (H,) detection at room temperature.
A transducing platform in a transmission mode was constructed using multimode optical fiber
(MMF) with a 125 um cladding and a 62.5 um core diameter. To enhance the evanescent light field
surrounding the fiber, the fibers were tapered from 125 um in diameter to 20 pm in diameter with a
10 mm waist. The microstructures and chemical compositions of the fabricated sensor were analyzed
by field emission scanning electron microscopy (FESEM), energy dispersive X-ray (EDX), differential
X-ray (XRD), and atomic force microscopy (AFM). In addition, the gas detection properties of the
fabricated sensor were studied by exposing it to various concentrations of hydrogen gas from 0.125%
to 2.00%. As a result, the sensitivity, response, and recovery time were 11.96 vol%, 220 s, and 200 s,
respectively. Overall, the fabricated sensor exhibits good sensitivity as well as repeatability and
stability for hydrogen gas detection.

Keywords: hydrogen (H;) gas; tapered optical fiber; evanescent wave; molybdenum trioxide (MoOj3)
and drop-casting technique

1. Introduction

Hydrogen gas has a wide explosion range (4-75%), small ignition energy (0.02 m]),
and a high flame propagation speed [1]. It can leak out of storage as H, due to the fact that
its molecule size is too small [2]. These reasons underscore the importance of H; detection
to help reduce the risk of human exposure to the gas [3]. The fact that the optical signal
is immune to electromagnetic interference, non-inductive with less attenuation than the
electrical signal, is ideal for gas detection applications [4]. Therefore, the optical sensors
rely on optical fibers, which have unique characteristics, such as lightness, small size,
electromagnetic interference resistance, instability, and stiffness in harsh environments [5].
Due to their peculiar properties, optical fibers are perfect candidates for detection in harsh
environments. In parallel, depositing the nanostructured metal oxide detection layer can
provide new optical detection properties for gas [6]. The basic sensing concept of optical
fiber sensors is based on the observation of any changes in the basic parameters of the
modified optical signal resulting from the interaction of light through the optical fiber
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with external physical, chemical, or biological measurement. The optical parameters that
can be modulated are the intensity, phase, and wavelength. Among the above-mentioned
parameters, intensity-based measurement is the simplest and the most low-cost technique
to detect different measurands. Intensity based sensors usually require additional light to
quantify the response. As a result, they use large core multimode optical fibers. This type
has many advantages including its simplicity, the possibility of it being multiplexed, and its
distributed sensing performance. Optimizing the analytical surface interaction contributed
by the higher surface-to-volume ratio of nanostructures improves the performance of optical
gas detection. So, the main motivation to improve Hj sensing is due to the health and safety
concerns that have arisen with the vast popular use of H, and its associated technologies.

In recent years, improved nanotechnology promises an astonishing evolution in gas
sensor design and capabilities. Various hydrogen oxide sensors, including SnO, [7,8],
ZnO [9,10], and Wog3 [11,12], as well as their mixtures, were examined. However, the
response speed and sensitivity are still not satisfactory. Recent work aims to explore another
metal oxide that can provide better cross selectivity and response. Molybdenum trioxide
(MoO3) shows promise in energy storage, catalysis, and gas detection applications [13].
Recently, the experiment showed that the interaction of optical fiber-based MoO3 with
hydrogen is highly sensitive, has a fast response to ant time, and an efficient eye-readable
gas detection technology has been developed as a bio complement of the conventional
H; sensors [14]. Yang et al. [15] has prepared a hydrogen sensor based on [001]-oriented
o-MoOj3 nanoribbons that has a fast response time of 14.1 s toward 1000 ppm of H, at room
temperature; Alsaifa et al. [16] has fabricated a hydrogen sensor based on two-dimensional
MoOj3 nanoflakes with rapid response time of 7 s and recovery time of 24 s. However, many
electrochemical hydrogen sensors based on MoOj3 carry the risk of electric sparks and have
to work under elevated temperatures [17].

In this work, a tapered optical fiber coated with MoOs is used to detect hydrogen gas.
It also explains the possible interaction mechanisms between the MoOj3 sensing layer and
hydrogen gas.

2. Experimental
2.1. Tapering Process of Optical Fiber

The H; gas sensor was fabricated utilizing a multimode fiber (MMF) with cladding
and core diameters of 125 pm and 62.5 um, respectively, as a conversion platform. A
Vytran glass (Vytran GPX-3400) processing machine was used for the taper. To obtain the
desired geometry of the tapered fibers, the machine heating and pulling the fiber uses
graphite filament as a heater. The MMF was tapered from the cladding with a 125 um to a
waist diameter of 20 um, a waist length of 10 mm, and a top and bottom taper of 5 mm.
Figure 1 depicts the fabricated tapered optical fiber with the tapered region. According
to [18], this tapered shape responds significantly between the gas sensing layer and the
evanescent field.

Figure 1. FESEM image of the multimode optical fiber (MMF) before and after tapering.
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2.2. Fabrication of MoOj3 on Tapered Optical Fiber

Molybdenum trioxide (MoO3) powder was synthesized by the simple solid decompo-
sition method [19]. A 2.50 g of ammonium heptamolybdate tetrahydrate was taken and
ground in suspension for one hour and annealed in an alumina crucible at 500 °C for three
hours in the air. The resulting product was washed with distilled water and dried in an
air oven. Prepared MoOj3 (0.25 g) was dispersed in 10 mL of deionized water to obtain a
milk-white suspension after ultrasonic treatment for 30 min.

The tapered optical fiber was coated with MoOj using the drop-casting technique.
Using a micropipette, we drooped about 15 pL of the mixture to the tapered base and heated
the sample in the oven at 80 °C for 30 min to complete evaporation of the aqueous medium.

The experimental equipment’s of the optical gas sensing system includes a light
source with a wavelength of 360 to 2500 nm (tungsten halogen, HL-2000, Ocean Optics,
Dunedin, FL, USA) and spectrophotometer (USB 4000, Ocean Optics, Dunedin, FL, USA).
The detection range of the optical absorbance spectrum is 200-1100 nm. Use standard
(S.M.A. fiber) cables to connect the light source to the fiber optic. The inside diameter of
the S.M.A. cable is 600 pm, and the FC/PC type is used as the MMF terminal. The adapter
data file recognizes the standard input loss format for MMF terminated with FC/PC-SMA
cables determined to be 1.4 dB. Figure 2 shows the experimental installation of sensor Hj.
Before the computer-controlled mass flow controller performs the gas purification at a gas
flow rate of 200 sccm, the MoOj3 coated-based sensor is placed in a closed gas unit. The
H; gas is purified by pure synthetic air to achieve a concentration range from 0.125% to
2.00%. The dynamic response and cumulative absorbance were determined while purging
synthetic air.
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Figure 2. Hj sensor experimental setup.

2.3. Structural Characterization of MoO3

Various characterization techniques have been applied to characterize MoOj3 thin
film. The morphology was observed by FESEM (Nova Nanosem 230), while the initial
composition was determined by EDX analysis. The identification of the material, crystal-
lization, and the phase transition of the MoOj3, was determined by analysis of XRD (PW
3040-Philips) and AFM (Dimension Edge with ScanAsyst).

The FESEM images demonstrate the successful deposition of MoOj3 on the surfaces
of the tapered optical fibers, as shown in Figure 3a. The standard features of the MoOj3
nanoparticles are shown in Figure 3b,c. The particles agglomerated in nature after attempt-
ing to form thin plate or flake-like formations. The gas analyte will interact more effectively
with this plate-like structure [20].
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Figure 3. FESEM micrographs of (a) tapered MMF covered with MoO3, (b,c) pure MoOs.

As illustrated in Figure 4a, EDX was used to identify the elements in the synthesized
MoOj3. The MoOj; film shows the presence of Mo, O, and Si. The silicon peak (Si) was
used by the silica fibers used as a substrate. The X-ray diffraction (XRD) patterns of MoOs
were recorded within the 20 range of 5° to 70°, as shown in Figure 4b. The sample shows
highly crystalline hexagonal and orthogonal structures, respectively, since the intensity is
strong and sharp enough with narrow full-width maximum half (FWHM) of diffraction
peaks such as 11.25° (100), 34.80° (101), 17.40° (110), 20.10° (200), 27.32° (210), 30.02° (300),
36.15° (310), 44.20° (320), 46.60° (410), 51.15° (002), 56.55° (211), and 58.24° (042). All of the
XRD peaks can be distinguished for the sample, and single-phase can be assigned to crystal
structures. The prominent diffraction peak corresponding to planes (100) and (210) was
placed at the highest density of MoOs.
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Figure 4. (a) EDX measurement of MoOj3 and (b) XRD pattern of MoOs.

Atomic force microscopy (AFM) was conducted to characterize the average surface
roughness and thicknesses of MoQOj3. Figure 5a depict 3D AFM image of the MoQOs;.
A 10 x 10 pm section of the boundary area was scanned for the AFM analysis. The average
surface roughness values were 44.98 nm. Such low roughness levels indicate that light
scattering has no significant effect on sensing performance [21].

As part of this study, the thicknesses of the MoOj3 coatings were measured. Measure-
ments were taken by covering portions of fibers with aluminum tape and then determining
the differences between the thicknesses of coated and uncoated fibers. The average thick-
ness of the MoOj coatings was 181 nm, as shown in Figure 5b.
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Figure 5. (a) 3D AFM image of MoOj3 and (b) 3D AFM topography images of the boundary region
between the uncoated and coated fibers of MoQOs.

3. Results and Discussion

The relationship between the sensing layer absorption and operating temperature is
shown in Figure 6a. The sample was tested with 1% Hj on different operating temperatures
from room temperature to 200 °C. According to the curve, it indicates that the absorption
capacity decreases with increasing temperature, possibly due to the faster reaction rate of
the absorbed hydrogen atoms at the active sites at higher temperatures. In this work, the
optimum operating temperature of Pd NPs based tapered optical fiber sensors to H; is
25°C.
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Figure 6. (a) The change of cumulative absorbance with the operating temperature, (b) the absorbance
with various concentrations, (¢) dynamic response, and (d) repeatability of MoOs.
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At room temperature, the absorption spectra of the developed sensor was coated
with MoOs to synthetic air and 2.00% Hj. The MoOj; coated sensor exhibits noticeable
changes in absorption, as illustrated in Figure 6b (especially in the wavelength range of
550 to 850 nm). The cumulative absorbance of the MoOjs coated sensor was analyzed
to determine its performance. The dynamic response of a MoOj3 coating based sensor
toward Hj concentrations (synthetic) from 0.125% to 2.00% at room temperature is shown
in Figure 6¢. The response and recovery times of the developed sensor were 220 s and
200 s, respectively. At 0.125% Hj, the absorbance changed by about 8%, while at 2.00%
Hj it changed by about 25%. The MoOj3 coated sensor had higher H, absorbance and
recovery, as well as advanced compromise differences. Three cycles of 2.00% H, were
used to test the repeatability of the MoOs coated based sensor. Overall, the MoOj3 coated
sensor demonstrated a strong and stable absorbance response and excellent repeatability
towards Hj.

The absorbance change in the MoOj layer can be explained with the following mecha-
nism. During Hy adsorption onto the MoOj3 sensing layer, the Hy molecules dissociated
onto Pd, resulting in the generation of H* ions and electron. Ions of H* spilled over the
MoO; nanostructures layer which then react with chemisorbed oxygen (O~ and O%7),
thereby producing HyO molecules. The generated electrons reduced the transparent Mo®*
in the center of MoOj crystal lattice to Mo®* (blue color). The change in sensing layer
properties has altered the absorption of light, hence the change in absorbance magnitude.
Upon exposure to synthetic air at elevated temperature, the adsorbed oxygen as well as the
desorbed H* ions in/out of the sensing layer which returns the absorbance spectrum to its
original baseline. The stoichiometry of the MoOyj is restored from Mo* to Mo®* [6].

Figure 7a shows the absorption versus Hj concentration for MoOj3 coated based
sensors. The MoOj3 coated based sensors had a sensitivity of 11.96/vol% and a linearity
slope of 98%. When measuring gas sensing properties, selectivity is an important factor to
consider. Selectivity is the most critical parameter of the sensor properties. The fabricated
sensor with different gases such as ammonia (NH3) and methane (CHy) at a concentration
of 1.00% was investigated. The MoOj3 coated based sensor had a highly NH3 absorption
response but a substantially lower response for the other gases. Furthermore, the adsorption
of MoOj based materials was highly selective for polar molecules such as NH3, whereas
sensitivity was low for non-polar molecules such as H, and CHy [22].

Stability is an important parameter which specifies the durability for all sensors [23].
The fabricated MoOj3 coated based sensors have been tested towards 2.00% H; gas con-
centration in synthetic air at room temperature for 14 days, and the response changed
nominally by 2% (as shown in Figure 7c). The finding indicates that among the fabricated
gas sensors, MoOj3 coating based sensors present excellent long-term stability.
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Figure 7. (a) Absorbance changes for MoO; coated based sensor at various H, concentrations,
(b) selectivity of MoOj3 coated based sensor, and (c) stability of MoO3 coated based sensor.

4. Conclusions

In the present study, molybdenum oxide was deposited on tapered optical fiber using
the drop-casting technique for hydrogen sensing decoction. The H, gas sensor is fabricated
of the as-deposited structure, which is exposed to various concentrations (0.125-2.00%) at
room temperature. According to the findings, the MoO3 coated based sensor enhanced its
absorption response by 25% when exposed to 2.00% H; in synthetic air. The response and
recovery times of the developed sensor were 220 s and 200 s, respectively. The selectivity
investigation indicates that the MoOs based optical sensor responds strongly towards
ammonia, methane, and hydrogen chemicals. The findings suggest an affordable and
accessible methodology which may be utilized to enhance an effective, accurate, and
repeatable Hj sensor in real-world atmospheric conditions.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article /10
.3390/ecsa-8-11315/s1.

Author Contributions: Conceptualization, M.M.A. and M.H.Y.; methodology, M.M.A., S H.G. and
M.H.Y,; writing—original draft preparation, M.M.A_; review and editing, M.H.Y.,, M.A.M., S.P. and
N.A. All authors have read and agreed to the published version of the manuscript.

Funding: Universiti Putra Malaysia funded this research, grant number GP-IPS/2019/9674900.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Gabhleitner, G. Hydrogen from renewable electricity: An international review of power-to-gas pilot plants for stationary applica-
tions. Int. . Hydrogen Energy 2013, 38, 2039-2061. [CrossRef]

2. Moradi, R.; Groth, K.M. Hydrogen storage and delivery: Review of the state of the art technologies and risk and reliability
analysis. Int. ]. Hydrogen Energy 2019, 44, 12254-12269. [CrossRef]


https://www.mdpi.com/article/10.3390/ecsa-8-11315/s1
https://www.mdpi.com/article/10.3390/ecsa-8-11315/s1
http://doi.org/10.1016/j.ijhydene.2012.12.010
http://doi.org/10.1016/j.ijhydene.2019.03.041

Eng. Proc. 2021, 10,75 8of8

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Gurz, M,; Baltacioglu, E.; Hames, Y.; Kaya, K. The meeting of hydrogen and automotive: A review. Int. J. Hydrogen Energy 2017,
42,23334-23346. [CrossRef]

Sabri, N.; Aljunid, S.A.; Salim, M.S.; Fouad, S. Fiber optic sensors: Short review and applications. In Springer Series in Materials
Science; Springer: Berlin/Heidelberg, Germany, 2015; Volume 204, pp. 299-311. [CrossRef]

Wang, H,; Jiang, L.; Xiang, P. Improving the durability of the optical fiber sensor based on strain transfer analysis. Opt. Fiber
Technol. 2018, 42, 97-104. [CrossRef]

Yaacob, M.H.; Yu, J.; Latham, K.; Kalantar-Zadeh, K.; Wlodarski, W. Optical hydrogen sensing properties of nanostructured
Pd/MoOsj films. Sens. Lett. 2011, 9, 16-20. [CrossRef]

Singh, G.; Singh, R.C. Highly sensitive gas sensor based on Er-doped SnO, nanostructures and its temperature dependent
selectivity towards hydrogen and ethanol. Sens. Actuators B Chem. 2019, 282, 373-383. [CrossRef]

Lavanya, N.; Sekar, C.; Fazio, E.; Neri, F,; Leonardi, S.G.; Neri, G. Development of a selective hydrogen leak sensor based on
chemically doped SnO, for automotive applications. Int. |. Hydrogen Energy 2017, 42, 10645-10655. [CrossRef]

Kumar, G.S.; Xuejin, L.; Du, Y.; Geng, Y.; Hong, X. UV-light enhanced high sensitive hydrogen (H;) sensor based on spherical Au
nanoparticles on ZnO nano-structured thin films. J. Alloys Compd. 2019, 798, 467—477. [CrossRef]

Ren, Q.; Cao, Y.Q.; Arulraj, D.; Liu, C.; Wu, D.; Li, WM,; Li, A.D. Review—Resistive-Type Hydrogen Sensors Based on Zinc Oxide
Nanostructures. J. Electrochem. Soc. 2020, 167, 067528. [CrossRef]

Dai, J.; Li, Y.; Ruan, H.; Ye, Z.; Chai, N.; Wang, X.; Yang, M. Fiber optical hydrogen sensor based on woz-pd,pt-pt nanocomposite
films. Nanomaterials 2021, 11, 128. [CrossRef] [PubMed]

Wang, G.; Qin, Y,; Dai, J.; Yang, S.; Ma, Y.; Zou, T.; Roths, J.; Yang, M. Performance-enhanced optical fiber hydrogen sensors based
on WO3-Pd;,Pt-Pt composite film with controlled optical heating. Opt. Fiber Technol. 2019, 52, 101979. [CrossRef]

Farzi-kahkesh, S.; Fattah, A.; Rahmani, M.B. Synthesis and optimum temperature determination of highly sensitive MoOj3-based
heterojunction Schottky sensor for hydrogen detection. Microelectron. Eng. 2021, 235, 111453. [CrossRef]

Sajadi, M.; Ranjbar, M.; Rasuli, R. Two-step synthesis of Ag-decorated MoOj3 nanotubes, and the effect of hydrogen doping. Appl.
Surf. Sci. 2020, 527, 146675. [CrossRef]

Yang, S.; Wang, Z.; Hu, Y.; Luo, X;; Lei, ].; Zhou, D.; Fei, L.; Wang, Y.; Gu, H. Highly responsive room-temperature hydrogen
sensing of x-MoOj3 nanoribbon membranes. ACS Appl. Mater. Interfaces 2015, 7, 9247-9253. [CrossRef] [PubMed]

Alsaif, M.M.; Balendhran, S.; Field, M.R.; Latham, K.; Wlodarski, W.; Ou, J.Z.; Kalantar-Zadeh, K. Two dimensional «-MoO3
nanoflakes obtained using solvent-assisted grinding and sonication method: Application for H, gas sensing. Sens. Actuators B
Chem. 2014, 192, 196-204. [CrossRef]

Rahmani, M.B.; Keshmiri, S.H.; Yu, J.; Sadek, A.Z.; Al-Mashat, L.; Moafi, A.; Latham, K.; Li, Y.X.; Wlodarski, W.; Kalantar-zadeh,
K. Gas sensing properties of thermally evaporated lamellar MoOg3. Sens. Actuators B Chem. 2010, 145, 13-19. [CrossRef]
Alkhabet, M.M.; Girei, S.; Paiman, S.; Arsad, N.; Mahdi, M.A.; Yaacob, M.H. Highly Sensitive Hydrogen Sensor Based on
Palladium-Coated Tapered Optical Fiber at Room. In Proceedings of the 7th International Electronic Conference on Sensors and
Applications, Online, 15-30 November 2020; pp. 3-8.

Dhanavel, S.; Nivethaa, E.A.K.; Dhanapal, K.; Gupta, VK.; Narayanan, V.; Stephen, A. x-MoOs3/polyaniline composite for
effective scavenging of Rhodamine B, Congo red and textile dye effluent. RSC Adv. 2016, 6, 28871-28886. [CrossRef]

Sau, S.; Chakraborty, S.; Das, T.; Pal, M. Ethanol Sensing Properties of Nanocrystalline a-MoOs. Front. Mater. 2019, 6, 285.
[CrossRef]

Puebla, S.; Mariscal-jim, A.; Munuera, C.; Castellanos-gomez, A. Optical-Based Thickness Measurement of MoO3; Nanosheets.
Sensors 2020, 10, 1272. [CrossRef] [PubMed]

Fattah, A.; Rahmani, M.B. Gas Sensing and Structural Properties of a Nano-structure MoOs-based Hydrogen Sensor. Iran. J.
Energy Environ. 2019, 10, 230-234. [CrossRef]

Rymarczyk, ].; Czerwosz, E.; Diduszko, R.; Koztowski, M. The thermal stability of the carbon-palladium films for hydrogen sensor
applications. In Photonics Applications in Astronomy, Communications, Industry, and High Energy Physics Experiments; International
Society for Optics and Photonics: Bellingham, WA, USA, 2017; Volume 10445, p. 1044550.


http://doi.org/10.1016/j.ijhydene.2017.02.124
http://doi.org/10.1007/978-981-287-128-2_19
http://doi.org/10.1016/j.yofte.2018.02.004
http://doi.org/10.1166/sl.2011.1410
http://doi.org/10.1016/j.snb.2018.11.086
http://doi.org/10.1016/j.ijhydene.2017.03.027
http://doi.org/10.1016/j.jallcom.2019.05.227
http://doi.org/10.1149/1945-7111/ab7e23
http://doi.org/10.3390/nano11010128
http://www.ncbi.nlm.nih.gov/pubmed/33429853
http://doi.org/10.1016/j.yofte.2019.101979
http://doi.org/10.1016/j.mee.2020.111453
http://doi.org/10.1016/j.apsusc.2020.146675
http://doi.org/10.1021/acsami.5b01858
http://www.ncbi.nlm.nih.gov/pubmed/25870908
http://doi.org/10.1016/j.snb.2013.10.107
http://doi.org/10.1016/j.snb.2009.11.007
http://doi.org/10.1039/C6RA02576E
http://doi.org/10.3389/fmats.2019.00285
http://doi.org/10.3390/nano10071272
http://www.ncbi.nlm.nih.gov/pubmed/32610559
http://doi.org/10.5829/ijee.2019.10.04.01

	Introduction 
	Experimental 
	Tapering Process of Optical Fiber 
	Fabrication of MoO3 on Tapered Optical Fiber 
	Structural Characterization of MoO3 

	Results and Discussion 
	Conclusions 
	References

