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This paper investigates the application of a G-Flake graphene oxide (GO) layer as an
innovative coating material for optical fibre tapers, enhancing the sensor sensitivity to
various volatile liquid vapours. The results confirm that this combination is effective because
the formation of a monolayer of adsorbed gas alters light propagation in the tapered optical
fibre. These changes are detectable across a broad wavelength spectrum, ranging from
visible to infrared. In this study, three volatile liquids — trimethyl phosphate (TMP), 1,4-
thioxane (THX), and ammonium hydroxide (NH4OH) — were tested using pure THX and
TMP without dilution, while NH4OH was applied as a 25% solution. The gases used in the
research simulate chemical warfare agents, such as sulphur mustard and sarin. The authors
used the differential method to analyse the results, which revealed the formation of
characteristic peak pairs around a wavelength of 795 nm. The peak heights and the distance
between them varied over time in response to exposure to the selected vapours. Additionally,
the amplitude of the transmitted power changes linearly in the first 3045 min, with the
highest power change rate observed for TMP (0.026 dBm/min at 789.2 nm). The greatest
contrast between maximum and minimum power levels was observed for TMP, reaching
4.45 dBm. An approach was presented that demonstrates how a tapered fibre covered with
GO can be used as the basis for developing a low-cost gas and vapour sensor.

Introduction

devices. One of their most widespread uses is in the
creation of optical sensors, which are highly effective tools

Fibre optic sensor technology plays a growing role in many
fields, such as healthcare [1], environmental monitoring
[2], and industry [3]. The unique qualities of optical fibres
— insensitivity to electromagnetic interference, flexibility
and small weight, high sensitivity to selected factors for
special fibres, and the possibility to achieve quick response
times in measurement systems make them incredibly
versatile. These features find applications in everything
from telecommunications to cutting-edge optoelectronic
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for measuring a variety of chemical and physical
parameters, including refractive index [4], temperature [5],
pressure [6], vibrations [7], and even the presence of gases
or chemicals [8, 9]. There exist different kinds of fibre
sensors which can use fibre as an element of incoming and
outgoing light to the measuring system, detecting changes
using a unique internal structure or using a change in fibre
geometries, such as side-polished fibres, U-shaped fibres,
or tapered optical fibres. Two of the last sensor systems
mentioned above, often called in-line measurement systems,
are systems in which light propagates inside a fibre without
being derived and interacting with the tested factor. Fibre
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tapers are one of the most straightforward configurations.
Their growing interest in experimental measurements and
simulations is due to their high sensitivity and low insertion
loss, versatile use, and the possibility of combining them
with additional materials [10—-12]. Among the fabricating
methods, the common techniques include chemical
etching, polishing, and the heat-and-pull method. In this
article, the heat-and-pull technique is used, which involves
heating the fibre to its softening point and simultaneously
pulling it from both ends to achieve a fibre with a partially
reduced diameter. This method offers advantages like
precise control over the taper geometry and the adiabatic
shape which responds to minimal internal losses. The in-
line sensors based on tapered optical fibres are often
combined with functional materials as their coatings
increase or enable the detection of chosen factors. The most
interesting materials used as new coatings should be liquid
crystals [13], alkanes [14], polymers [15], metals [16], and
advanced materials like graphene and graphene oxide (GO)
[17,18]. GO has emerged as a revolutionary material in
sensing technology due to its unique properties like high
surface reactivity, electrical conductivity, large surface
area, and excellent mechanical strength [19-21].
Integrating GO layers with tapered optical fibre sensors can
further improve their capabilities, enabling detection of
different chemical and biological analytes [22-24]. The
special design, including a functional group on GO, allows
for an easy attachment of specific gases, like CO, NO, NH3,
and SO, [25], liquids, including ethanol, acetone,
isopropanol [26], and biomolecules, especially DNA and
proteins [27].

Recent advancements have demonstrated that GO-
coated optical fibres can achieve high sensitivity and
selectivity. In 2020, Yang et al. reported a very sensitive
glucose sensor. The results indicate that the sensor model
developed in this study demonstrates excellent sensitivity
in detecting glucose levels in the human body. It offers
a sensitivity of 1.06 nm/mM within the linear detection
range from 0 mM to 11 mM, with an autocorrelation
accuracy of 0.9386 [28]. In 2023, the group of Alkhabet et
al. presented a GO-based gas detector. A newly developed
sensor demonstrated a strong sensitivity to hydrogen (Hz)
concentration variations at 100 °C. For a 2.00% Ha level,
the response time was measured at 2 min, while the
recovery time was 11 min.

Additionally, the optical fibre sensor showed
remarkable selectivity and stability for detecting H» gas,
even when exposed to other gases like ammonia (NH3) and
methane (CHs) [29]. In 2021, Qi et al. reported a
chalcogenide-etched tapered fibre-based sensor functional-
ized with a GO film [30]. The GO-coated sensor exhibited
enhanced detection capabilities with sensitivities
increasing to 4.5091 au./mg-mL™' for liquids and
0.4812 a.u./vol.% for gases — improvements of 69% and
74%, respectively, compared to the uncoated version.

In this study, tapered optical fibres were created as the
core components for sensor applications using the low-
pressure flame method. The manufacturing process
involves heating fibres to a temperature between 1100—
1200 °C, which is their softening point, and simultaneously
pulling the fibres from both ends to reduce their diameter
and form a taper with minimal internal losses. This research
was set out to investigate how tapered optical fibres,

combined with a functional material like GO, could be used
to build sensors for liquid vapours.

Numerous other studies confirm the effectiveness of
combining tapered optical fibres with GO layers for
detecting gases and their vapours [31, 32]. The authors’
previous findings revealed that the GO layer altered the
boundary conditions influencing light propagation within
the fibre as a result of the physical adsorption of chemicals.
This study focused on investigating the changes in light
propagation properties of a tapered optical fibre coated
with a GO layer exposed to various liquids and their
vapours, such as ammonium hydroxide (NH4OH),
trimethyl phosphate (TMP), and 1,4-thioxane (THX). The
gases used in the research are simulants of chemical
warfare agents such as sulphur mustard and sarin which are
among the paralytic-convulsive agents and posing
significant health hazards. Hence, the research aimed to
investigate the possibilities of constructing simple in-line
fibre optic sensors and the development of a new, low-cost
solution for detecting gases and volatiles. The constructed
measurement system allows only qualitative, not
quantitative, analysis of adsorbed substances. This
limitation arises because air is in the chamber and the
liquids inside are left to evaporate freely. Additionally, the
evaporating liquids can adsorb onto the chamber walls,
making it impossible to determine a specific concentration
of the substances.

Used technology is easy to use and has several ad-
vantages, including low cost, fast manufacturing, and high
repeatability. Hence, the obtained device has the potential
for detecting the presence of selected substances, paving
the way for the development of precise, modern gas sensors
with potential applications in environmental monitoring.

2. Materials and methodology
2.1. Materials for the GO devices

The proposed high-sensitivity sensors use a property of the
modified optical fibre through a tapering process which
allows to directly influence the propagating beam in the
structure. An optical phenomenon enabling interaction of
optical beams with other materials is connected with the
evanescence wave [33] and deep penetration [34] of this
wave which can be increased during tapering. Many
articles widely described the tapering process [35, 36]. The
fibre optic taper element technology (FOTET) system for
taper manufacturing uses a low-pressure gas burner with
propane-butane and oxygen mixture. When the fibre
reaches the required temperature, it is simultaneously
stretched in opposite directions to achieve the desired
tapered length directly determining the final diameter. The
authors’ previous publication has a detailed description of
the manufacturing process and system [36]. Based on the
experience and experimental selection of the fibre diameter
for which the leaking wave best interacts with the tested
materials, a taper with a total extension length of
22.05+0.15 mm was used for the research work. This
extension length corresponds to a specific area diameter of
10.0 + 0.5 um and internal losses below 0.25 dB at 1550 nm,
which meets the conditions of adiabaticity [37]. A standard
SMF28 from Corning Company (Corning, NY, USA) for
the telecommunication range was used as a fibre.
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Using a modified Hummers method, GO (G-Flake) was
produced at the Lukasiewicz Research Network — Institute
of Microelectronics and Photonics. This is a chemical
method for obtaining GO [38, 39]. Graphite flakes of 100
to 120 pm (Asbury Carbons, USA) were used as a precur-
sor. A modified Hummers method obtained GO flakes of 6
to 14 um.

In this article, the authors investigated three volatile
compounds — TMP, THX, and NH4OH — using pure THX
and TMP without dilution, while NH4OH was applied as a
25% aqueous solution. In this study, the most important
property of these compounds was their respective vapour
pressure. Vapour pressure is one of the properties that char-
acterise volatility. Vapour pressure is related to the ability
to evaporate. Liquids with high vapour pressure evaporate
easily, while those with low vapour pressure evaporate
slowly and not completely. It is presented as follows: 25%
solution of NH4OH — 483 hPa in 20 °C, pure THX —
7.53 hPa in 25 °C, and pure TMP is 1.133 hPa in 25 °C.

2.2. Experiment

The experimental setup shown in Fig. 1 for broad spectrum
measurements included, as a light source, a SuperK
EXTREME Supercontinuum from NKT Photonics work-
ing in the optical range of 350 nm —2400 nm, coupled to
a tapered optical fibre covered with GO. The spectral
analysis was performed using an optical spectrum analyser
(OSA) AQ6373 (YOKOGAWA, Tokyo, Japan) working in
the range of 350 nm—1200 nm.

Supercontinuum

= N
TSR ‘——';

Gas chamber / L
Ve Optical fiber
Container with

Optical Spectrum

Analyzer

\\

) Taper covered with GO
t'\,'iip()]:i‘ltlng bﬂmplt'

Fig. 1. A setup for measurement in a broad-spectrum, containing
supercontinuum and optical spectrum analyzer.

All measurements were conducted on a passive,
isolated optical table at room temperature between 20 and
21 °C, with conditions maintained using an air conditioner
and atmospheric pressure of approximately 1000 hPa. The
samples were tested several times to check the repeatability
of the provided measurements. Only minor differences in
power levels were observed between samples, resulting
from losses introduced during the tapering process and
from welding the fibre connectors to the tapers. A 100 uL
volume container was used to analyse all the liquid
vapours. The testing chamber, designed at the authors’
institute, has a total volume of 0.8 m* and the analysed
sample was directly above the container containing the
liquid. Hence, in the next paragraph, typical obtained
results are presented for a tapered optical fibre covered with
GO and exposed to vapours of various liquids: NH4OH,
THX, and TMP.

3. Results and discussion

In this study section, the authors examined how the
adsorption of three different vapours affects light
propagation. The gas adsorption process on the graphene
layer is based on two main mechanisms: physical
adsorption resulting from van der Waals interactions and
chemical adsorption related to forming C-X bonds. The so-
called active spots of the sorbent can adsorb only one
molecule of the target gas, forming a monomolecular layer
on the surface. Over time, as adsorption progresses, the
sorptive surface becomes saturated by which the sensor
does not respond to the presence of additional gas.
A detailed description of the adsorption process has been
provided in our previous publication [40].

It should be noted that, unlike in the authors’ previous
article, volatile liquids were used. Therefore, the response
time of the created sensor is limited by the evaporation rate.
Hence, a single measurement was conducted in 120 min.
Each time, 100 pl of liquid was added to the vessel which
was positioned beneath the taper. To demonstrate the actual
impact of the vapours and the time increase of new layers
due to adsorption, the authors will present differences
between the characteristics obtained for tapers with
adsorbed gases and the reference values before the
evaporation process. The spectra measurements were
conducted in the 700-1200 nm wavelength range, where
the highest change was observed and was able to be
described. Due to the use of a standard single-mode optical
fibre in the telecommunications wavelength range and
because the taper profile is insufficient to cut off higher-
order modes, the taper exhibits multimode propagation in
this wavelength range. Due to the large number of peaks in
the full spectrum used in this measurement, which are the
effects of intermodal interference, the specific regions were
selected for further analysis where the most significant
changes were observed. Each time the first measurement
(0 min) was taken without the tested substance, the sensor
was exposed to vapour and the optical characteristics were
recorded sequentially at different exposure time intervals.
The results obtained for all samples are presented in the
same manner. Firstly, the authors focus on the full spectrum
overview, and then, for the selected wavelengths, the power
levels concerning time of exposure to vapours are
discussed. The final analysis involves measuring the
change in the distance between characteristic peaks in the
750-850 nm range.

The first analysed volatile liquid was NH4OH. Figure 2
shows the spectral characteristics of a taper optical fibre
(TOF) exposed to its vapour. Above the wavelength range
of 700 and 750 nm, the power level does not show
significant deviations from the reference measurement. The
power transmission differences start to increase around
750 nm. In the 920 to 1000 nm range, there is again
aregion where the power level remains similar to the
reference. However, as observed beyond 1000 nm, there is
a significant change in transmission characteristics and
disappearance of multimodal interference. Peaks are no
longer visible and the power level decreases as the exposure
time to the ammonium hydroxide solution increases. The
graph shows a difference between the maximum and mini-
mum power levels after 120 min of exposure, which is
about 3.22 dBm.
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Fig. 2. Changes in spectral characteristics of TOF with a GO
layer during exposure to evaporating NH4OH.

As observed, the spectral characteristics change as the
liquid evaporates and adsorbs onto the graphene. Peaks
emerge and become more pronounced with longer
exposure to the vapours, though noticeable changes can be
seen after just 3 min. To illustrate the time-dependent
changes, several wavelengths from the full measurement
range were selected. The relationship between power level
and exposure time to NH4OH vapour is shown in Fig. 3.
Within the 750 to 1000 nm range, the most significant and
linear power changes occur within the first 30 min, with a
correlation coefficient (R?) exceeding 0.99. For the selected
wavelengths of 1060 nm and 1159.4 nm, the rate of power
change begins to decrease after 45 min of exposure.
Stabilization and no further change in power are observed
after 90 min of exposure.

Wavelength [nm] :  ©774.0 787.2 806.0 783.4 1060.0 11594
1.5

1.0 +

05 1

0.0

A Power [dBm]

Exposure time [min]

Fig. 3. Power changes for selected wavelengths during the
exposure of TOF with a GO layer to evaporating
NH4OH.

Among all chosen wavelengths, the highest power
change rate is observed at 877 nm, with a value of
0.017 dBm/min. The lowest values are found in the near-
infrared (NIR) region, where the rate is approximately
0.01 dBm/min. The noticeable slowdown in power level
changes is attributed to the deposition of vapour particles
from the selected chemical compounds onto the GO layer,
leading to the saturation of the graphene oxide layer.

In the full spectrum, characteristic peaks around
800 nm can be observed which move away from each other
with an increasing exposure time to NH4OH vapour. To
illustrate this phenomenon, six of these peaks were selected
and grouped into pairs (see Fig. 4) with calculated distances
between them.

During a 120 min exposure to NH4OH vapour, the
distance between the first pair of peaks increased by 2.0 nm

Exposure time [min]: —0 —3 —5 —15 —30 —45 —60 —75 —90 120

NH,OH

A Power [dBm]
s e
O s

2.5 ot e A e S R e S S -
775 785 795 805 815 825
Wavelength [nm]

Fig. 4. Characteristic peaks shift vs.

evaporating NH4OH.

exposure time to

and by 2.4 nm for the second pair. The third pair of peaks
shifted their maxima by 1.6 nm compared to their positions
at 5 min. The highest rate of change was observed during
the first 45 min of exposure, after which no significant
increase in peak distances was noted. As observed, the
distance between the peaks increases over time, following
a significant logarithmic trend with an R? value higher than
0.93 (see Fig. 5).

The second investigated liquid was TMP, with
measurement results in Figs. 6-9. Compared to the spectra
obtained for NH4OH, the difference between the maximum
and minimum power levels after a 120 min exposure to
TMP was around 4.45 dBm. As can be seen, compared to
NH4OH, significant changes in the case of TMP vapour
occur only after a 15 min exposure to the substance due to
the much higher evaporation temperature. Figure 6 presents
the complete spectral characteristics of the TMP liquid
vapours.

Figure 7 shows the power change for six wavelengths
in the 775-1079 nm range. The power increases with
increasing exposure time for shorter wavelengths from 775
to 803.8 nm.

However, after 60 min, the rate of change decreases,
and after 75 min, the power level stabilizes. The power
change is linear in the first 30 min of the exposure time; the
obtained R? is over 0.99 in most cases. For the more
extended spectral range, for wavelengths 1059.6 nm and
1079 nm, the power change graph shows fewer minor
differences than shorter wavelengths and signal stabili-
zation occurs just after 30 min.
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Fig. 5. Exposure time to evaporating NH4OH.
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Fig. 9. Exposure time to TMP vapours.

Furthermore, for longer wavelengths, signal fluctu-
ations are noticeable. In this case, the highest value of the
power rate change is observed, which is 0.026 dBm/min for
789.2 nm. The rate of change in the NIR region is
comparable with the results obtained for NH4OH and is
0.01 dBm/min.

Similar to the measurements with NH4OH, a slight shift
in peaks was observed, most evident in the 750-850 nm
range. The distances between these peaks were calculated
and presented in Fig. 8.

As can be observed, the maximum shift occurs for the
first and second pair of peaks, the distance between which
increased by about 2.6 nm after 120 min and this shift is
higher than in the case of NH4OH. For the given third pair,
the distance increased by 1.6 nm after 90 min of exposure
to TMP, with no further changes over time.

As for the past liquid vapours, the calculated distance
between the peaks increases over time, following a signifi-
cant logarithmic trend with an R? value greater than 0.96
(see Fig. 9).

The last tested liquid was THX and the obtained results
are presented in Figs. 10-13. In this case, the maximum
difference between the highest and lowest power levels
after the 120 min exposure is the smallest, amounting to
nearly 3.0 dBm. Similar to TMP, the first significant
spectral changes can be observed after 15 min of exposure.
Figure 10 presents the whole spectral characteristics.

Six wavelengths were selected for further analysis from
the entire spectrum (see Fig. 11). As in previous cases, the
power changes show linearity. Still, this linearity persists
up to 45 min of exposure to THX. After this time, a sudden
shift occurs. Moreover, compared to the previous
compounds, the R? coefficient is lower for the analysed
wavelengths, exceeding 0.99 in only two cases: 787 nm and
806 nm. The maximum power change rate is similar to
NH4OH, measured at 0.018 dBm/min.

In the case of a THX liquid vapour exposure, six peaks
were selected and the measurement distances between them
were calculated, showing the effect of adsorption on beam
propagation. The results are presented in Fig. 12. As
observed, the changes in distances between the selected
characteristic peaks remain small (below 0.8 nm) for up to
30 min of TOF exposure. The total peak shift is the smallest
among the tested substances, amounting to 2 nm for the
first and second pairs of peaks and 0.8 nm for the third pair.
Notably, the increasing distance between the peaks exhibits
significant logarithmic changes with a high correlation
coefficient exceeding 0.96.

Exposure time [min]:—( —3 —5 15 30 45 60 75 90 —120

900
Wavelength [nm]

1000

Fig. 10. Spectral characteristics of TOF with a GO layer during
THX exposition.
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Fig. 11. Power changes for selected wavelengths during the
exposure of TOF with a GO layer to THX gases and
vapours.
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Fig. 13. Exposure time to THX vapours.

Figure 13 presents a logarithmic trend with an R? value
higher than 0.96 for THX, which is correlated with TMP
results.

As shown in the above results, the GO-layer sensor type
allows the differentiation and detection of selected liquid
vapours. For each measured liquid, the authors obtained
characteristic peaks and wavelengths over a wide spectral
range from which they can correctly identify them. Changes
in the rate of vapour adsorption to the layer and the
amplitude of the propagating beam, which depends on the
material to be detected and, in particular, on the parameters
of the new adsorption layer being formed, are both visible.
The largest changes over the first 30 min are observed for

TMP vapours, followed by THX, and the least dynamic are
for NH4OH. It should also be noted that the total change
amplitude for 120 min is the lowest for NH4OH. — less than
1.5 dBm and the highest for TMP — below 2.5 dBm.

4. Conclusions

The presented research on the possibilities of detecting
various liquids and their vapours, such as NHsOH, TMP,
and THX in-line detector based on a TOF with a new GO
layer as a signal-amplifying material, allows for the
following conclusions.

A significant change in the power level for NH4OH
occurred within the first 5 min, while for others they
appeared after a longer duration, which depended on the
evaporation rate of the respective liquid. The peaks gener-
ated by intermodal interference differ in power amplitude
depending on the type of adsorbed vapour. The highest
contrast between maximum and minimum power levels
was observed for TMP, reaching 4.45 dBm.

Shorter wavelengths in the range of 750—-850 nm are the
most sensitive to changes in boundary conditions due to
vapour adsorption and exhibit the most significant spectral
changes.

Power changes for NH4OH and TMP remain linear for
up to approximately 30 min, while for THX, this linearity
extends up to 45 min. Such change is evidenced by a very
high correlation coefficient, often exceeding 0.99. After
these periods, a noticeable slowdown in the rate of power
changes occurs eventually leading to signal stabilization
due to the GO layer saturation. Furthermore, this
phenomenon is more pronounced at longer wavelengths in
the NIR range.

Pairs of characteristic peaks formed around a 795 nm
wavelength move further apart with increasing exposure
time to the given vapours and these changes follow a log-
arithmic trend.

In summary, coating the waist of the tapered fibre with
a GO layer enables the effective detection of the presence
of tested liquid vapours by amplifying high intermodal
interference peaks and obtaining a characteristic spectrum.
The changes in the spectrum, caused by the deposition of
molecules on the GO layer, vary depending on the tested
substance and become noticeable within just a few minutes.
However, long-term studies are essential considering the
evaporation time of the selected substances. Prolonged
exposure enables assessing the sensor behaviour, such as
changes in peak height and distance, and facilitates the
differentiation between various gas vapours. The results
and conclusions suggest that the optical fibre element can
be successfully used as a substrate for developing gas
sensors; however, further investigation is needed.
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