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Abstract: This article investigates the possibilities of gas detection using a tapered optical fiber coated
with a graphene oxide layer. Measurement is based on changes in light beam propagation depending
on the process of gas absorption to the graphene oxide layer. In this paper, we investigated the light
change in a double-clad tapered optical fiber in a wide optical range. We present a special platform
constructed for the deposition of additional functional materials that enable the preparation of the
sensor module. Our results present differences in light transmission for three different kinds of gasses
pure nitrogen, pure hydrogen, and a mixture of propane-butane. Measurements were provided in
a wide range of 500 nm-1800 nm to find the most sensitive ages for which we are able to detect
mentioned absorption and their interaction with light. Obtained results for pure gasses for which the
refractive indices are similar to the air show the greatest changes for the visible range 750 nm—850 nm,
and for propane-butane, changes are much visible in the whole investigated range.

Keywords: tapered optical fiber; graphene oxide layers; optical fiber sensors; optical fiber technology;
gas sensors; Hummers’ method

1. Introduction

The development of optical fiber technology over 40 years is a significant and dynamic
process. This is due to optical fiber characteristic properties such as from nano to micro
dimensions, immunity to electromagnetic interference, flexibility, sensitivity, and fast
response for measuring factors [1]. These properties of optical fibers are widely used in
the sector of telecommunications to advanced optoelectronic devices, which are useful
in constructing, for example, very popular optical sensors. Optical fiber sensors measure
chemical and physical parameters such as refractive index (RI), temperature, pressure,
vibration, chemical substances, and gases [2—4]. New trends in research show many
possibilities for using functional materials in fiber optic sensor technology, such as liquid
crystals [5,6], alkanes [7], polymers [8], metals [9], graphene, and graphene oxide [10,11].
In addition, due to the current development of technology for making various fiber optic
structures, the base element of the sensors are changed. Sensors can be built on the basis of
a tapered optical fiber [7], could be created by side-polished fiber [12], by bending the fiber
(for example, U-shape fiber) [13], or fiber cladding could be etched [14]. In the next step of
technology, fiber Bragg grating can be created on an etched cladding [15]. Much research
is about long-period gratings structure on fibers [16], new structures based on different
kinds of interferometers [17], and couplers [18]. The mentioned geometric structures of
the sensors obtained through various physical phenomena that enable detection and the
possibility of combining with functional materials allowed for obtaining interesting results.
Thanks to the developed technology and conducted laboratory tests, it is possible to build
sensitive, dynamic, and compact sensors of various parameters.

In the article, the basic structure of a new gas sensor was TOF. TOFs are well-known
as the basis of highly sensitive sensors of refractive index changes [19]. TOF has a reduced
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fiber diameter which causes the propagation of the electromagnetic wave throughout the
structure and partially outside the fiber in the form of an evanescent wave [20-23]. This
modification of the boundary conditions creates a very sensitive element of environmental
changes. To obtain increased sensitivity of the in-line sensor, it is possible to use an
additional material on the TOF surface. Basic elements such as TOFs are very popular
in the literature for building a gas sensor [24]. TOF, combined with an oxide layer, TiO,,
allowed the construction of an ammonia sensor based on the phenomenon of Lossy Mode
Resonance (LMR) [25]. Another example is a hydrogen sensor with a layer of MnO; oxide
and palladium [26]. The combination of oxide and metal is also described in the article [27],
where the Pd/ZnO layer was used to detect hydrogen. TOF was also combined with a layer
of polymers, an example of which is ferrocenylenesilylene polymer, which allowed the
detection of ammonia and carbon dioxide [8]. A layer of tetrakis-(4-sulfophenyl) porphine
(TSPP) and poly(allylamine hydrochloride) (PAH) was used to create an ammonia gas
sensor [28]. Another material used in connection with a TOF is the metal palladium, which
strongly absorbs hydrogen. This sensor works on the basis of the phenomena of surface
plasmon resonance (SPR) [29].

The extra materials selection range connected with TOF is very wide. The functional
material that was selected in our research is graphene oxide (GO). Currently, graphene-
based materials attract great attention due to their interesting features, such as high me-
chanical strength (graphene), chemical stability, and significant optical properties [11].
Recently, graphene oxide (GO) has been of interest to many scientific groups due to its
hydrophilicity and increased sensitivity resulting from oxygen functional groups such as
carboxyl, hydroxyl, or epoxy groups [30]. These promising properties have already been
used in the detection of ethanol [31], humidity [32], and ammonia [33]. Due to the hy-
drophilic properties of graphene oxide, it is possible to deposit GO layers onto specific
surfaces [34,35], and it can be a base for different factors measurement or as a storage
material [36].

Tapered optical fiber coated with a graphene oxide layer seems to be a very promis-
ing example of the sensing platform [37-39]. In 2016, the M. A. A. Rosli group reported
a highly sensitive aqueous ethanol sensor based on TOF covered with a graphene oxide
sensing layer [39]. In 2021, Saad Hayatu Girei’s team reported a very sensitive ammonia
gas sensor [20]. This sensor responds to changes in NH3 concentrations, and its sensi-
tivity reached 26.99 AU/% in the visible region and 61.78 AU/% in the near-infrared
wavelength region.

Creating new sensor solutions for various gases is important for the safety of people.
Thanks to sensors, we can monitor and find gas leaks, which allows us to improve industrial
processes. The article presents research on gas sensors that detect gases such as LPG, Hy,
and Nj [40,41]. The propane-butane gas mixture, also known as LPG (liquefied petroleum
gas) is dangerous due to the fact that it is flammable. Forms flammable and explosive
mixtures with air. Hydrogen is highly flammable, and its leaks pose a fire hazard. Hydrogen
is odorless, colorless, and tasteless, so leaks are difficult to detect with the human senses.
Nitrogen can cause poisoning in various chemical reactions. In addition, it is worth
controlling the concentration of gases during various technological processes. The human
safety factor is important nowadays, which is why improving gas sensors is so important.

In our paper, tapered optical fibers were prepared to be used as a base element for
measurement sensors using the low-pressure flame technique. The tapered optical fiber
manufacturing is based on a heating process, where the temperature of the burner reaches
about 1100-1200 °C (softening temperature) and pulling the fiber in both directions at the
same time to achieve a reduced diameter and obtain an adiabatic taper with low internal
losses [21]. In the following work, the possibility of detecting gases on TOF coated with
a graphene oxide layer based on transmission measurements in the two wide ranges
connected with the optical spectrum analyzers ranges, 500-1200 nm and 1200-1800 nm,
were investigated. To achieve good adhesion between GO and TOF, an additional agent,
an adhesion promoter, was used. Changes in spectral characteristics for each sample are
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presented. The main purpose of provided measurement was to show the influences of
different gasses, nitrogen, hydrogen, and propane-butane, in a constant volume on light
propagation in a wide range.

2. Materials and Methods
2.1. Materials

Tapered optical fibers were manufactured from the single-mode optical fiber for the
telecommunication wavelength range. Preliminary work showed a very low adhesion of
graphene oxide to the pure glass; therefore, APTES ((3-Aminopropyl) triethoxysilane) was
used as a coupling agent.

The basic properties of SMF and APTES are presented in Table 1.

Table 1. APTES and SMF 28 properties [7,42].

APTES SMF
Attenuation
<0.32 dB/km @ 1310 nm
Boiling temperature—217 °C/760 mmHg <0.21 dB/km @ 1490 nm
<0.18 dB/km @ 1550 nm
<0.20 dB/km @ 1625 nm
Density—0.946 g/mL at 25 °C Core diameter 8.2 pum
Cladding diameter 125 & 0.7 um
Purity—99% Dispersion
<18.0 ps/(nm-km) @ 1550 nm
Refractive index 14,225 <22.0 ps/(nm-km) @ 1625 nm

Graphene oxide was made at the Lukasiewicz Research Network—Institute of Micro-
electronics and Photonics. The chemical composition is given in Table 2.

Table 2. Composition of the graphene oxide (GO) [43].

Composition of GO
Carbon 40-42%
Oxygen 45-52%
Sulfur 1-3%
Nitrogen <0.3%
Hydrogen 2.5-3%

Graphene oxide (G-Flake) was produced at Lukasiewicz—Institute of Microelectron-
ics and Photonics. To obtain graphene oxide, graphite oxidation was carried out using
the modified Hummers’” method. Four liters of sulfuric acid (95% HySOs—pure HySOy,
Chempur, Poland) was poured into a glass reactor (Reactor-ReadyTM UK). An amount of
60 g of graphite with flakes with a diameter from 100 to 120 um (Asbury Carbons, USA)
and 34 g of potassium nitrate (101.10 g/mol KNO3—pure KNO3 Chempur, Poland) were
then added to the acid. After 30 min, 360 g of potassium permanganate (158.04 g/mol
KMnO;—pure KMnO,4, Chempur, Poland) was added [44]. The reaction was carried out
at 50 °C for 4 h. After this time, the suspension was added to deionized water together
with hydrogen peroxide (30% HyO,—pure 30% H,O,, Chempur, Poland). The suspension
thus prepared was subjected to a purification process. The concentration of the obtained
aqueous suspensions of graphene oxide was about 4 g/L [43-46].

Surface visualization of the graphene oxide flake was performed using Auriga (Zeiss)
in the backscattered electron (BSD) mode with a detector (0.5 kV) (Figure 1). A drop with
an aqueous solution of graphene oxide was placed on a silicon substrate and then dried
(40 °C for 24 h). The sample was mounted on a measuring table. As the material had dried
earlier, there was no need for additional drying. The GO flake itself does not need spraying
for good surface visualization.
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Figure 1. Photo of graphene oxides from the SEM microscopy.

In our work, we decided to compare two diatomic gases, nitrogen (N,) and hydrogen
(Hy), as well as the propane-butane mixture (LPG—Liquid Petroleum Gas) commonly
used in industry, tourism, and households. We analyzed gases differing in reactivity, “ease”
of compound formation, or their importance to humans and the environment, as well as
harmfulness/toxicity.

Nitrogen is a major part of the atmosphere but does not support life itself; it is used
in food processing, to purify air conditioning and refrigeration systems, and to pressurize
aircraft tires. It is chemically passive, which is due to the very high triple bond energy in
the N molecule. The gas is slightly lighter than air. At elevated temperatures, it reacts,
can cause suffocation by displacing air, and can cause symptoms of poisoning in people
who are in the air with increased pressure. Under such conditions, nitrogen dissolves
better in body fluids and lipid-rich tissues (e.g., in the brain), leading to the appearance of
poisoning symptoms.

Even more dangerous than the dissolution of nitrogen in the tissues is its release
in the form of gas bubbles during pressure reduction. This can lead to life-threatening
decompression sickness. In case of prolonged exposure to fire or high temperatures,
containers may rupture violently and shatter.

Hydrogen is easily ignited. When ignited, it burns with a pale blue, almost invisible
flame. It is flammable over a wide range of vapor/air concentrations. Hydrogen is not
toxic but is a simple asphyxiant by displacing oxygen from the air. In case of prolonged
exposure to fire or intense heat, containers can violently rupture and shatter. Hydrogen
is used in the production of other chemicals and oxy-hydrogen welding and cutting. It
forms an explosive mixture with oxygen. The gas is lighter than air. Hj is hardly reactive
under standard conditions but forms compounds with most elements. Many works with
graphene and hydrogen are connected to a storage

LPG (Propane 80%-Butane 20% mixture). Propane-butane is harmful, low concentra-
tions of the gas cause coughing, pain, dizziness, nausea, sometimes psychomotor agitation,
drowsiness, and unconsciousness, as it displaces oxygen from the air, and it is not advisable
to inhale it. Generally, it is an odorless gas, but ethanethiol is specially added, which is
specific and noticeable. It is heavier than air and will accumulate in the lowest places if
it flows out of a leaking system. Extremely flammable gas, heating risks an explosion.
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When mixed with air at a volume ratio of 1.5 to 10%, it forms an explosive mixture, so it is
particularly important to strictly adhere to safety rules.

It is practically insoluble in water, with an upper explosive limit of 9.6% and lower
explosive limit of 1.9%, and for a vapor pressure of —15 °C, not less than 0.10 Mpa; for
70 °C, not more than 2.55 MPa.

The main parameters of gases used during the measurements are presented in Table 3.

Table 3. Composition of the graphene oxide (GO).

Parameter Tested Material
H, (Hydrogen) N; (Nitrogen) Propane Butane
Form at 20 °C Gas Gas Gas Gas
Melting Point —253°C —210°C —187.6°C —138.3°C
Molecular Weight 2 g/mol 28 g/mol 44 g/mol 58 g/mol
Refractive index n =1.00013881 n = 1.00029839 n =1.2898 n=13326
Boiling Point —259.16 °C —196 °C —42.1°C —0.50 °C
Heat of Combustion —285.8 k] /mol N/A 553.5 cal —453.85 x 10 +5]/kg
Molecular Bonding single bond (covalent bond) triple bond (covalent bond) covalent bonds covalent bonds

2.2. Preparation of a Tapered Optical Fiber

Tapered optical fibers were manufactured using FOTET (fiber optic tapered element
technology) [5,7,23]. FOTET station uses a movable torch based on a gas mixture (propane—
butane-oxygen) to obtain the required fiber elongation temperature. The flame is obtained
in a low-pressure technique. The temperature of the flame depends on a gas mixing ratio
that is set by gas regulators. The obtained tapered optical fibers were characterized by an
elongation of 15.05 £ 0.04 mm, losses of 0.12 &= 0.06@1550 nm, and a taper waist diameter
of 20.5 £ 0.5 um, which corresponds to a double-clad taper element widely described in
the literature [47,48]. In such a structure, it should be considered that a part of the light
guided in the optical fiber core penetrates the cladding as the evanescent field, which is
described by the parameter of the light beam—penetration depth (d;,) described by the

formula [49] (Figure 2):
A

P
2 qin? 2
271\/ncore sin G—ndaddmg

d

where nore is the RI of a core of the fiber, ngaqding is the RI of the cladding of fiber or
external surround of fiber, 6 is the angle of incidence of the light at the core/cladding
interface, and A is the wavelength.

Evanescent wave

Output
light
—,

Input
light

Penetration
depth dp

(a)

Figure 2. Scheme of the secured tapered optical fiber and picture of control and applying of APTES
and GO layers. (a)The scheme of Tapered Optical Fiber, (b) the secure of taper for the deposition of
APTES and GO layers.

During the tapering process, the light penetrates the cladding increase until the light is
propagated in the whole area of the taper waist Figure 2a. This process allows for obtaining
an optical element that is sensitive to changes in the external optical parameters of the
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Graphene oxide
remains

environment in which the TOF is located. Thus, the most important parameter is RI [50].
Many materials change RI when one of the parameters of the environment where they are
located is changed. The value of Rl is addicted to temperature, humidity, etc., and processes
such as absorption. The use of additional material in the TOF area and the conscious use
of its properties, in particular, changes in material and optical parameters depending on
an external factor influence light propagating in TOF. TOFs were properly secured with UV
glue (NOA 81) at both ends of the un-tapered region to avoid mechanical destruction and
make it available for proper application of the GO material. Figure 2b presents a picture of
a secure taper for the deposition of APTES and GO layers.

The fiber optic taper prepared in this way was subjected to spot application of APTES,
cleaning with isopropyl alcohol, and application of a GO layer. Figure 3a presents the
arrangement for application materials. Figure 3b presents a picture of the taper and drop
of APTES.

Figure 3. Picture of the setup for materials application and picture of APTES and GO drop application.
(a) The arrangement for application of materials (b), drop of APTES on TOF (c) Tapered Optical Fiber.

The development of graphene film deposition technology was developed at the insti-
tute during the initial research. After the fiber optic taper was protected against mechanical
damage, it was treated with APTES for a period of 150 s, followed by a cleaning process
with isopropyl alcohol. On such a prepared fiber optical taper waist, part of this region was
placed in a drop of GO, keeping the taper for 20 min surrounded by this drop and then
allowed drying for a period of 24 h at room temperature. Figure 4a shows randomly placed
graphene oxide residues on the TOF surface after deposition without APTES, and Figure 4b
presents the structure of the optical fiber taper after the process of APTES deposition. As
can be observed, the structure of the optical fiber taper waist is porously facilitating the
application of graphene layers. Figure 4c,d present the obtained structure of graphene
layers. Pictures were obtained on scanning electron microscopy SEM Phenom FEI G2
(Hillsboro, OR, USA).

BSD Topo B

(b) (c) (d)

Figure 4. SEM photo of graphene oxide residues on the tapered optical fiber surface without APTES
(a), after APTES activation (b), with a GO layer (c,d).
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In the next step, such prepared TOF was placed in an arrangement for measurement
of gas influences on the light propagation see Figure 5.

Optical Optical fiber taper
fiber A
Input light * e | h Output light
GO layer

Splitter NIR/IR or VIS/NIR 'y

Optical Spectrum

Analizer
- c—
@
o
G —

as outlet
Gas chamber

e g

r'y

Source of light

Gas inlet
Nz, H2

Figure 5. Scheme of the experimental setup for gas sensors.

A measurement system consisting of a SuperK Extreme EXR-15 laser (NKT Photon-
ics, Birkerod, Denmark) operating in the wavelength range of 400-2400 nm set at 12%
power, a splitter (NKT Photonics, Birkered, Denmark) with two split ranges: NIR/IR
and VIS/NIR, optical spectrum analyzer AQ6373B (Yokogawa, Tokyo, Japan) for wave-
length 350-1200 nm, and optical spectrum analyzer AQ6375 (Yokogawa, Tokyo, Japan) for
wavelength 1200-2400 nm.

Pure nitrogen and hydrogen were connected to the gas chamber with a flow of
800 mL/s.

The secured taper was placed in a gas chamber with a volume of about 800 mL.
During measurement, all volume was filled with the measured gas maintaining the
atmospheric pressure.

We use a broadband source to enable us to check the changes over the widest possible
range. The fabricated sensor is connected to the source and a spectrum analyzer in which
we detect changes occurring during the interaction of gases with the graphene oxide layer.
The sensor is located in a chamber that allows rapid filling of the entire volume with the
measured gas. Reference measurements are made without the measured gas, and then
the influence characteristics are recorded depending on the exposure times of the layer to
the gas.

3. Results

In our research, we take advantage of the fact that GO has adsorption properties.
GO’s very good adsorption properties are due not only to its huge surface area but also
to the presence of numerous oxygen functional groups (40% of GO’s composition can be
oxygen atoms). The method used to obtain graphene oxide used in this work is a modified
Hummers method. This method is characterized by the introduction of a large number of
functional groups formed by exfoliation and oxidation of graphite. This process destroys
the unsaturated structure of graphene and changes the hybridization of individual carbon
atoms from sp2 to sp3. As a result, numerous functional groups containing oxygen atoms
are formed on the sheets of individual graphite layers (known as graphene). Among the
most common are hydroxyl (-OH), epoxy (-O-), carbonyl (-C=0), and carboxyl (-COOH)
groups. Their occurrence gives GO a hydrophilic character (compared to reduced graphene
oxide), making it easily dispersible in water. To understand the adsorption process on
the surface of graphene oxide flakes, it is necessary to assume that the surface of a solid
adsorbent (GO) has a certain number of so-called active centers, i.e., sites on which the
adsorption process takes place and that each active site can adsorb only one molecule, which
means that a monomolecular layer is formed on the surface of the adsorbent. Molecules
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adsorbed on the active centers do not interact with each other, while during the adsorption
process, a dynamic equilibrium is established, i.e., as many molecules are adsorbed on the
graphene surface per unit of time.

Such properties relate to the physical properties of gas absorption into the graphene
layer. The process of gas adsorption is determined mainly by two adsorption processes. One
is physical adsorption due to Van der Walls forces, and the other is chemisorption due to
C-X bond formation. Therefore, it is likely that complete desorption and reapplication of
the material will be impossible [23,38].

The refractive index of the layer (a new cladding of taper) during the process of
absorption is changed, so the boundary condition of propagating light also changes. Due
to the application of a new layer, we observed the transmission power changes.

The principle of measurement is to detect changes occurring in the GO layer occurring
through the absorption of individual gases. In the literature, the principle of absorp-
tion described by changes in the fiber transmittance can be found (P), described by the
formula [24,51]:

P =", eXp(—oclrcL)

where L is the length of the fiber sensor, Py is the initial light power (before interaction
with gas), o is the absorption coefficient of the gas, and r is the ratio of the power of the
evanescent wave to that of the total propagating wave, c is the [24,51].

The procedure of full measurement was divided into a few steps. First, there were
provided measurements of a pure taper and influences of gasses on light propagation. For
all measurements, there were no observed changes during the time measurement for all
kinds of investigated gases.

All measurements were repeated at least five times to be sure of changes in the
propagation of the light beam depending on the used gasses. All results were repeatable.
We observed only a change in the intensity in all spectrums, which is connected with the
losses introduced as the tapers, as well as FC/PC connectors spliced to the tapers.

For visible range due to the optical fiber parameters, source characteristics, etc., correct
measurement can be provided over 600 nm. Below this value, high attenuation can be
observed, which makes it unable to provide good measurement. Additionally, close to the
end range, there are also visible fluctuations that are not connected with measurement but
with the equipment properties. For the IR spectrum, all range was investigated. For all
ranges, we have chosen only that part in which the changes are repeatable and possible
to observe.

The purpose of this article was to investigate the influence of different gasses, such
as nitrogen Ny, hydrogen Hj, and propane-butane (LPG), on light propagation in a wide
range. The measurement was provided on how the spectral characteristic will change in
time of impact of gasses surrounded by taper with GO layer. For measurement of the effect
of gasses on sensors, 0, 1, 5, and 60 min were chosen. For presentation, the differences
between the acquired characteristics of gasses to the reference characters in the air were
presented to show the real impact of gasses. Due to the optical parameters of gasses, as well
as the process of absorption of mentioned gasses to the GO layer, it should be mentioned
that investigated changes should be rapid.

Figures 6-9 presented the spectral differences characteristics of TOFs coated with
graphene oxide exposed to gases at 0 min, 1 min, 5 min, and 60 min for two different wave
ranges, 600-1100 nm and 1200-1800 nm.

The obtained spectra presented as the dependence of the power transmission (dBm) on
the wavelength (nm) revealed no significant influence of using APTES on light propagation
while simultaneously activating the TOF surface for a proper GO deposition.

As can be observed from Figures 6-9, due to the time exposure of investigated gasses,
it is possible to measure their influences and absorbance to the graphene layer. For mea-
surement in a wide range, it can be observed that much bigger changes are observed for
visible and NIR ranges, especially close to the range 750-850 nm. For this range, the created
optical fiber taper possesses multimode propagation, and the penetration depth is much
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higher than for single-mode propagation. For the IR propagation, due to the pure gasses’
parameters, such as the air changes, the refractive indices are especially negligible. For LPG,

which is the mixture of propane-butane gasses for which each individual has a refractive
index approaching about 1.3 (see Table 3), the changes are more significant.

Exposure time of 0 min

Exposure time of 0 min
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Figure 6. The spectral differences characteristics of TOFs coated with graphene oxide exposed to
gases on 0 min (a) and (b).
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Figure 8. The spectral differences characteristics of TOFs coated with graphene oxide exposed to

gases on 5 min (a) and (b).
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Exposure time of 60 min
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Figure 9. The spectral differences characteristics of TOFs coated with graphene oxide exposed to

gases on 60 min (a) and (b).

For the presented range of 750-850 nm, we provided additional analyzes of the
position and change in power of the middle picks. Figure 10 presents changes in the power
of the main pics from the range 750-850 nm and their increase depending on the time of
deposition of the gasses. The ordinate scale presented in this figure is logarithmic.
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Figure 10. The spectral changes in power of the main pics from the range 750-850 nm and their
increase depending on the time of deposition of the gasses.

As can be noticed for all kinds of measurements, the greatest changes do not trans-
verse 5% of the initial power; therefore, differences between the spectral characteristic
of an optical fiber taper with GO layer in the air to the optical fiber taper with GO layer
surrounded by different gasses were used. As can be observed, an initial increase in power
is rapid and maintains a linear trend. After 5 min of deposition, changes slow down and
become a stable level. For each gas, small shifts in the position of measurement pick and the
width of the central minimum exu = ixt. For hydrogen, we obtained the widest minimum
over 20.8 nm pro LGP; the width is 16.0 nm, and for nitrogen, the width is the smallest
and is equal to 14.8 nm. The minimum of the center is similar for all gases, and the change
appears at the position of the highest peaks around this minimum. For measurement in
the visible range, it can be observed that the greatest dynamic change is observed for the
nitrogen, and the lowest is for LPG. For the IR range, observed changes can be seen for the
LPG mixture for which the RI is highest, and it is different from AIR.

The research presented in this paper allows for the following summary:

1. Itis possible to detect a variety of gases and their mixtures using GO layered optical
fiber technology;

2. Itis possible to distinguish absorbed gases;

3. To obtain the correct layers on an optical fiber taper surface, APTES should be used as
a reagent;

4.  For different gasses, we observed small shifts in the position of measurement picks
and the width of the central minimum;

5. The greatest changes in absorption are observed for nitrogen; for LPG, there are
additional changes in the IR range.

4. Conclusions

The experimental research shown in the article concerns the subject of the possibility
of detection of different kinds of gasses using the effects of absorption to the thin layer of
graphene oxides deposited on a tapered surface. The conducted research on such a hybrid
combination creates the potential for the construction of many new optoelectronic devices
with fast and online detection. Considering the fact that many research trends related to
the discipline of materials engineering are aimed at improving the parameters of existing
materials, the performance of tests confirms the possibility of creating a low-cost and
reliable sensor, and its construction requires the use of state-of-the-art methods. The hybrid
combination of an optical fiber taper and graphene oxides requires the use of APTES
reagents to obtain a proper surface that will be adhesive to the GO materials. Obtain results
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show that obtained layers enable gas detection. The most visible changes are observed in
the range 750-850 nm and shown that absorption to the GO layer of the different layers
occurs most visibly up to 5 min, then there is a process of stabilization. For the IR range,
there are observed greater changes for LPG gas which possess the highest difference of
refractive indices to the RI of air.

The presented solution of combining a TOF with a GO layer provides an opportunity
to produce a simple, all-fiber sensor for various gases. The sensor has a small size, so it
can be used in very tight or hard-to-reach places. The mentioned sensor does not affect
the properties of the measured gas. In addition, it can operate in hazardous areas, is
non-invasive, and the technology is proven. In addition, SMF fiber optics are cheap to
manufacture and operate. Hence, the cost of the sensor is not high.
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