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A B S T R A C T

High sensitivity volatile organic compounds (VOCs) sensors based on a tapered small core single mode fiber
(TSCSMF) and a microfiber coupler (MFC) are reported. The TSCSMF had a waist diameter of ∼5.1 μm and the
MFC had a waist diameter of ∼1.9 μm each and both were fabricated using a customized microheater brushing
technique. Silica based materials containing immobilized Nile red prepared by sol-gel method with two different
recipes (recipe I and recipe II) are investigated. Initially recipe I based coating materials were applied to the
surfaces of the TSCSMF and MFC. The experimental results show that the sensor based on an MFC shows much
better sensitivities of −0.130 nm/ppm and −0.036 nm/ppm to ethanol and methanol than those of the TSCSMF
based sensor. The corresponding minimum detectable concentration change of the MFC based sensor are cal-
culated to be ∼77 ppb and ∼281 ppb to ethanol and methanol respectively. Both sensors are demonstrated fast
response times of less than 5min, while the recovery times varied from 7min to 12min. In addition, another
TSCSMF based sample (∼7.0 μm) coated with a mixed layer of sol silica and Nile red prepared by recipe II was
fabricated to achieve simultaneous measurement of ethanol and methanol, employing a second-order matrix
approach.

1. Introduction

Volatile organic compounds (VOCs) are the major pollutants for
indoor environments, as a result of their presence in many household
products (e.g. paints, wax and furniture) and combustion processes (e.g.
heating and smoking). Inhaling excess VOCs and their degradation
products may cause respiratory system damage or even cancer [1,2].
Studies show that VOCs may be also related to global warming, stra-
tospheric ozone depletion and photochemical ozone [3]. The growing
awareness of the negative impact of VOCs on both human health and
the global environment has been attracting increasing efforts to im-
prove the detection, monitoring and analysis of VOCs. So far, a number
of sensing techniques have been proposed to monitor the concentration
of VOCs, such as semi-conductor metal oxides detectors [4], surface
acoustic wave methods [5], chemiresistors [6], colorimetric sensors
[7], infrared attenuated total reflection (IR-ATR) spectroscopy [8] and

fiber optics sensors [9,10]. Among these techniques, fiber optic sensors
have been attracting significant attention due to their well-known ad-
vantages, such as compact size, real-time operation, immunity to
electromagnetic interference and remote sensing capabilities.

Deposition of additional materials on the fiber surface is usually
required to implement an optical fiber based VOCs sensor. To date, a
range of sensitive materials for various VOCs have been proposed, in-
cluding hydrophobic ethylene/propylene (60/40) co-polymer [8],
chemical dyes with solvatochromic properties [9], semiconductor metal
oxides (TiO2, ZnO, ITO) [11–13], zeolite thin film [14], polymethyl
methacrylate (PMMA) film [15], poly (dimethylsiloxane) (PDMS) film
[16] vapochromic materials [17], metal based nanomaterials [18], and
p-sulphanatocalix arene [19]. Among these, ethylene/propylene (60/
40) co-polymer, solvatochromic dye materials, and semiconductor
metal oxides have been found to possess relatively high sensitivities to
VOCs (providing detection resolution in the level of ppb) and as a result
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semiconductor metal oxides have been widely used in commercial
chemical vapor sensors. However, a significant disadvantage of these
materials is that while they normally operate well at a high temperature
(200–500 °C) they display a very limited gas sensitivity at room tem-
perature (usually with a detection resolution of tens or hundreds of ppm
[11,12]). As an alternative recently, Khan et al. [9] have proposed a
highly sensitive VOCs sensor based on a side-polished single-mode fiber
with a coating layer incorporating a solvatochromic dye material (Nile
red) with N, N-dimethylacetamide (DMAC) and polyvinylpyrrolidone
(PVP). However the sensor proposed by Khan et al. suffer from the
disadvantage of a narrow measurement range (less than 9 ppb), com-
pounded by a complex fabrication process and demodulation scheme.

Porous silica prepared by the sol-gel method offers chemical and
thermal stability, an inert nature and transparency over a wide range of
wavelengths, which has been widely used in optical fiber based che-
mical sensors either as assistant materials for the purpose of im-
mobilization of specific sensitive materials [20] or as a chemically
sensitive material in itself [21,22]. In addition, the textural properties
such as the pore size, pore ratio, refractive index and even morphology
of porous silica can be tuned by customizing a wide range of prepara-
tion parameters including water/precursor/solvent molar ratio, pH and
temperature during both the fabrication and the subsequent drying
process [23,24]. To take full advantage of porous silica materials and
the highly sensitive dye materials (Nile red) for sensing VOCs, we
propose here a coating mixture of Nile red immobilized sol-gel silica
suitable for VOCs detection.

Previously, we have demonstrated that both a tapered small core
single mode fiber (TSCSMF) and a microfiber coupler (MFC) are highly
sensitive to surrounding refractive index change and have been devel-
oped as high sensitivity ammonia sensors [21,25,26]. In this work we
report high sensitivity VOCs sensors based on both TSCSMF and MFC
structures coated with a layer consisting of a mixture of Nile red and
sol-gel silica. Besides we also demonstrate simultaneous measurement
of methanol and ethanol concentrations in air by using two TSCSMF
based sensors functionalized with different coating layers based on
different recipes.

2. Theory and operating principle of the sensors

2.1. Operation principle for the TSCSMF and MFC

The TSCSMF is based on the coupling of multiple modes within a
single fiber structure while in the MFC, the coupling of modes occurs
between two individual fibers, which results in the different directions
for the spectral shifts induced by the same environmental changes.
Specifically, in our experiment, a red shift and a blue shift in the
transmission spectra are observed with the increase of gas concentra-
tions for the TSCSMF and MFC fiber sensors, respectively. The detailed
operation principle of TSCSMF and MFC could be found in the previous
reports, which is not listed here for the sake of brevity [21,25–28].

2.2. Operating principle for Nile red

Nile red has been widely used as a solvent polarity indicator and for
the measurement of solvent strength [29,30]. It is a dye material with
positive solvatochromism properties, which indicates that a molecule in
the first excited state is better stabilized by solvation than a molecule in
the ground state, with increasing solvent polarity. The strength of in-
termolecular solute/solvent interactions and the dipole moment in the
ground state and the excited state are dependent on the chemical
structure and physical properties of the solute/solvent molecules [29].
In our experiment, when Nile red comes into contact with VOCs, the
dipole moment changes from its ground state to an excited state due to
the changed charge transfer between the donor (diethyl amino) and
acceptor (carbonyl oxygen) moieties of Nile red. As a consequence, the
energy band gap between the ground and the first excited state changes,

further resulting in a change in the relative permittivity of the con-
stituent molecules and hence a change in the refractive index of the dye
material [31]. For use within a sensor, small changes in refractive index
of the coating layer can be monitored by the tapered fiber structures
used.

3. Experiments

3.1. Nile red immobilized sol-gel silica fabrication

The solution mixture of Nile red and sol-gel silica used for the
coating was prepared as follows: (1) 10ml of hydrolyzing tetra-
ethylorthosilicate (TEOS) was mixed with 5ml of ethanol for 20min
using magnetic stirring at room temperature; (2) 1ml 0.1 mol/L HCl
solution was added into the mixture followed by further stirring for a
certain amount of time, that is 40min to produce recipe I and 120min
to produce recipe II; (3) 10mg of Nile red was mixed with 6ml of the
sol solution obtained in step (2) under stirring for one more hour, after
which the final sol solution was ready for the coating process. Due to
the sol-gel process within the solution, a different stirring time results in
different solution viscosity and hence a different refractive index, tex-
ture properties, coating thickness and a different Nile red concentra-
tion.

3.2. TSCSMF/MFC fiber structures fabrication and dip coating process

In our experiment, two different fiber structures based on a TSCSMF
and a MFC were fabricated by a customized microheater brushing
technique; the detailed fabrication process can be found in [25,26].
Fig. 1a and b illustrate the schematic diagrams of the proposed TSCSMF
and MFC structures.

A thin layer which has Nile red immobilized within silica gel (recipe
I) was coated on the tapered fiber surface by a dip coating method,
where a motor controlled translation stage was employed to pass a drop
of the coating solution through each tapered fiber structure sample. A
single pass coating cycle is defined as a one-pass coating. By repeating
the one-pass coating process, different silica coating thicknesses can be
realized. It should be noted that after each pass, the coating was left to
dry for 6min before the next coating layer was applied. After a re-
peating the one-pass dip coating process a number of times, the func-
tionalized fiber sensor was cured at room temperature for three days
before use.

3.3. Experimental setup for VOCs sensing

Fig. 1c shows a schematic diagram of the experimental setup for
VOCs sensing. Light from a broadband light source is launched into the
fiber sensor structure and the transmitted light is measured by an op-
tical spectrum analyzer (OSA). In order to realize different VOCs con-
centrations, different volumes of VOCs liquids (ethanol/methanol) were
introduced into the gas testing cylinder chamber (which has a diameter
of 23 mm and a height of 11.5 mm) using a micro-syringe. The VOCs
liquids evaporate naturally within the chamber, generating VOCs gas
vapors with predictable concentrations which can be calculated ac-
cording to a specific VOC mole ratio to air in the chamber. When the gas
vapor is absorbed by the coating layer, the physical properties (re-
fractive index and thickness) of the coating materials change, resulting
in the variation of the measured spectral response of the sensor at
different gas concentrations. Once the spectrum variation is calibrated,
the concentration of the VOC can be determined. In the experiments, all
tests were conducted at room temperature.
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4. Results and discussion

4.1. Scanning electron microscope (SEM) and energy-dispersive X-ray
spectroscopy (EDS) analysis

Fig. 2a illustrates an SEM image of the functionalized TSCSMF. As
one can see from the figure, some small particles are attached to the
fiber surface. These particles are clusters of undissolved Nile red
(C20H18N2O2) which is confirmed by the EDS analysis on both a particle
and smooth surface where increased carbon atoms in weight of 21.8%
are detected on the particle compared to that of 10.18% on the smooth
fiber surface. A very small amount of copper and zinc atoms were also
detected due to the use of a copper sheet to support the fiber. SEM
images of an MFC sample after its coating are presented in Fig. 2b and c,
showing similar coating features for the TSCSMF. The measure dia-
meters of the TSCSMF and MFC are found to be∼5.1 μm and∼1.9 μm
(for each tapered SMF), respectively.

4.2. Spectral response to VOCs for the sensors based on the TSCSMF and
MFC

Examples of the measured spectral responses for the 8-pass coating
TSCSMF sensor and the 4-pass coating MFC sensor exposed to different
ethanol concentrations are shown in Fig. 3a and b. Different numbers of
coating passes were chosen for the different sensor types since from
previous experience it was found that a thicker coating would result in a
higher sensitivity [21], but in practice it was found that the MFC is too
fragile to be coated more than 8 times due to its smaller tapered waist
diameter compared to the SCSMF. It is also noted that even with the
same number of coating passes, the actual coating thickness achieved
can be different because of variations in the tapered diameter [32]. As
can be seen from Fig. 3a, the spectral dip wavelength of the TSCSMF
based sensor shifts toward a longer wavelength (red shift) as the VOC’s
concentration increases. In contrast, a blue shift is observed for the MFC
based sensor as shown in Fig. 3b.

The spectral responses for the measurement of the other VOC used,
methanol, are not shown here for the sake of brevity since they have
similar spectral responses but different wavelength shift values. Fig. 3c

Fig. 1. Schematic diagram of: (a) TSCSMF, (b) MFC and (c) experimental setup for VOCs sensing.

Fig. 2. SEM images of (a) TSCSMF, (b)
MFC and (c) the cross section of MFC
after coating with Nile red immobilized
sol-gel silica (recipe I). EDS results on
the coating surface of TSCSMF sample
are also shown in (a). (For interpreta-
tion of the references to colour in this
figure legend, the reader is referred to
the web version of this article.)
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and d summarize the measured wavelength shifts at different con-
centrations of ethanol and methanol. In the figures, we define a red shift
as a positive wavelength shift while the blue shift as a negative wave-
length shift. The wavelength shifts versus gases concentrations show
good linearity for both sensors, but the sensor based on an MFC exhibits
better sensitivities of −0.130 nm/ppm and −0.036 nm/ppm to ethanol
and methanol respectively, compared to those of 0.018 nm/ ppm and
0.005 nm/ppm for the TSCSMF based sensor. This is reasonable since
that smaller taper waist diameter of the MFC leads to an increase in the
portion of the evanescent field exposed to the surrounding environment
and hence results in a higher sensitivity for the sensor. Furthermore the
sensor’s sensitivity S is defined as S= Δl⁄C, where C is the VOCs con-
centration and Δλ represents the corresponding spectral wavelength
shift for different VOCs concentrations. Assuming an OSA has a wave-
length resolution of 0.01 nm, the minimum detectable concentration
change of the MFC for ethanol and methanol are about 77 ppb and
281 ppb, which is over one magnitude higher than the previous reports
in which the minimum detectable concentration change at a level of
ppm were achieved [10,14–17].

The response and recovery times of sensors to both ethanol and
methanol are also investigated at selected gas concentrations and ex-
amples are illustrated in Fig. 4. The response time is defined as the time
during which the sensor’s response reaches 90% of its full response in
terms of wavelength shift and the recovery time as the time it takes for
it to fall to 10% of the full response. The sensor based on a TSCSMF
(Fig. 4a) shows a faster response time of 2min and a recovery time of
8min. For the measurement of the response of the TSCSMF to ethanol,
it is apparent that the response overshoots initially (data points circled
with a purple dashed line). We believe this can be attributed to the fast
contact and reaction between the sensor head and the gas under test
whose concentration is initially uneven throughout the chamber due to

combined effects of spatial variations in liquid evaporation and gas
diffusion, after the VOCs liquid drops are introduced into the chamber.
To achieve a more stable change of gas concentration surrounding the
sensor head, in tests for the MFC based sensor, a flat steel sheet was
placed between the sensor head and the liquid drop point in the
chamber to avoid an overly fast interaction. As shown in Fig. 4b, no
evidence of overshoot is observed, the MFC based sensor shows faster
response of less than 5min to both ethanol and methanol, but a longer
recovery time of about 12min is required for methanol compared with
that for ethanol. It should be noted that the actual sensor response times
are likely to be shorter than our measured results, due to the time taken
by the liquids to evaporate within the chamber and for the VOCs to be
evacuated from the volume space of the chamber.

4.3. Measurement repeatability

Selected ethanol concentrations were chosen to perform the re-
peatability tests for both sensors and the experimental results are shown
in Fig. 5. The corresponding dip wavelength shifts are summarized in
Table 1 which shows a very minor wavelength shift variation recorded
for three tests carried at fixed time intervals, demonstrating that both
sensors show good repeatability. It is noted that after each round of
tests, the wavelength dip of both sensors does not return to the original
wavelength, which is possibly due to the reaction between the VOCs
and coating materials, resulting in changes in the coating materials.
However, the sensors for each test round do have similar relative wa-
velength shifts, following the introduction of the VOCs. This is subject
of further investigation at present.

Fig. 3. Normalized measured spectral response at different concentrations of ethanol for (a) TSCSMF with 8-pass coating and (b) MFC with 4-pass coating; Measured
corresponding wavelength shifts for different VOCs and concentrations for (c) TSCSMF with 8-pass coating and (d) MFC with 4-pass coating.
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4.4. Simultaneous measurement for methanol and ethanol

As it was shown in above sections, both TSCSMF and MFC based
sensors display linear wavelength shifts in response to variations of the
tested gases concentrations. A key question is whether or not these two
sensors working together can be used to simultaneously detect ethanol
and methanol. To investigate this it is useful to develop a second-order
matrix showing the relationship between spectral wavelength shifts and
gases concentrations as shown by Eq. (1).

⎡
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= ⎡
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⎤
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C
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Δ •T
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e

m

00 01
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where ΔWT and ΔWM are the wavelength shifts of the TSCSMF and MFC
sensors and Ce and Cm correspond to the gas concentrations of ethanol
and methanol respectively. The sensor based on TSCSMF has sensitivity
coefficients of k00 and k01 to ethanol and methanol respectively, while
for the sensor based on an MFC, the sensitivity coefficients to ethanol
and methanol are k10 and k11 respectively.

From our previous experiments detecting ethanol and methanol
separately, the sensitivity vales are known to be k00= 0.018 nm/ppm,
k01= 0.005 nm/ppm, k10=−0.130 nm/ppm and k11=−0.036 nm/
ppm. The ratios k00/k10=− 0.138 and k01/k11=− 0.139 are very
close, which indicates that these two sensors cannot be used for si-
multaneous measurement of ethanol and methanol because there would
be no unique solution for the matrix. This is most likely because both
sensors were coated with materials with the same texture which may

Fig. 4. Spectral response and recovery of (a) TSCSMF based sensor with 8-pass coating and (b) MFC based sensor with 4-pass coating to ethanol and methanol at
selected gas concentrations.

Fig. 5. Sensors’ response and recovery illustrating reversibility and reproducibility of measurements for both sensors at selected ethanol concentrations of 45 ppm
and 9 ppm: (a) TSCSMF; (b) MFC.

Table 1
Spectral dips wavelength shifts for the TSCSMF and MFC based sensors for a
series of repeat tests at selected ethanol concentrations.

1st test (nm) 2nd test (nm) 3rd test (nm)

TSCSMF 0.8 0.78 0.81
MFC −1.14 −1.18 −1.15

Fig. 6. A SEM image of the new TSCSMF sample after coating with recipe II
based material.
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show similar absorption properties to the tested VOCs.
To address this problem, a coating mixture prepared with method of

recipe II (stirring for a longer time) is employed as a new coating ma-
terial applied to a new TSCSMF based sample surface. A relatively large
tapered waist diameter of 7.0 μm is chosen in this case and the fiber
surface was coated with a layer formed by 4-pass coating. Due to a
longer stirring time applied in the recipe II based coating material, the
resulting solution has higher viscosity and higher Nile red concentra-
tion, compared to the material prepared in accordance with recipe I.
Higher viscosity leads to a thicker coating with larger amount of Nile
red, which is confirmed by the SEM image shown in Fig. 6, where a
number of large clusters of Nile red particles are observed.

Fig. 7a shows examples of the measured spectral responses at dif-
ferent ethanol concentrations. The spectral responses for methanol are
similar and hence are not shown here for the sake of brevity. Fig. 7b
summarizes the measured wavelength shift versus different VOCs con-
centrations, which shows good linearity as well. The measured sensi-
tivities of the new coated TSCSMF sensor are 0.004 nm/ppm to me-
thanol, and 0.007 nm/ppm to ethanol.

When both of the prepared TSCSMF sensors are used, the sensitivity
coefficients in the matrix in Eq. (1) are: k00= 0.018 nm/ppm,
k01= 0.005 nm/ppm, k10= 0.007 nm/ppm, k11= 0.004 nm/ppm. It is
clear that the values of k00/k10= 2.571 and k01/k11= 1.25 are now
sufficiently different than the previous case, so that the matrix above
can be used for simultaneous measurement of ethanol and methanol
concentrations.

According to Eq. (1), the wavelength shifts of the two sensors can be
calculated as:
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Solving the matrix for the VOCs concentrations we obtain:
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As can be seen from the above matrix, by measuring the wavelength
shifts for both TSCSMF sensors, two different gases concentrations can
be calculated. Using this method, multiple VOCs detection can poten-
tially be realized if a larger number of sensors coated with different
recipes are used.

Finally it should be noted that, similar to many other sensors, the
proposed sensor suffers from cross sensitivity issues, for example, to
temperature, humidity and non-target gases which will introduce
measurement errors. However with the technique proposed in this
paper, it is possible to use different coating materials to measure the
sensors’ response to specific influences and then use the commonly

report technique to construct a matrix with specific cross-sensitivity
coefficients and to realize accurate measurements of the target gases
concentrations.

5. Conclusion

In conclusion, TSCSMF and MFC based optical fiber sensors for the
detection of methanol and ethanol are proposed and experimentally
demonstrated. Coating mixtures of sol-gel silica and Nile red with two
different preparation recipes are investigated. Coatings prepared by
recipe I were applied to both TSCSMF and MFC samples surfaces.
Experimental results show that the sensor based on an MFC shows much
better sensitivity of −0.130 nm/ppm to ethanol and −0.036 nm/ppm
to methanol than those of the TSCSMF based sensor. The corresponding
minimum detectable concentration change are up to 77 ppb and
281 ppb for ethanol and methanol respectively. The response and re-
covery behaviors in time of the sensors were also investigated. The
response time is demonstrated to be less than 5min, while the recovery
time varies from 7min to 12min depending on the type of gas and gas
concentrations. Both sensors are also proved to have good repeatability
of performance. In addition, to investigate the potential for simulta-
neous measurement of two VOCs, another TSCSMF structure coated
with a layer by recipe II was fabricated. A second-order matrix tech-
nique was then employed to permit simultaneous measurement of
methanol and ethanol concentrations by utilizing both TSCSMF based
sensors prepared with different coating recipes.

Acknowledgements

This work was support by FIOSRAIGH 2012 (Dean of Graduate
Students’ Award); State Key Laboratory of Advanced Optical
Communication Systems and Networks, Shanghai Jiao Tong University,
China; Science Foundation Ireland(SFI/13/TIDA/B2707, SFI/13/ISCA/
2845); the National Natural Science Foundation of China under grant
No. 61465009.

References

[1] K. Demeestere, J. Dewulf, B.D. Witte, H.V. Langenhove, Sample preparation for the
analysis of volatile organic compounds in air and water matrices, J. Chromatgr. A
1153 (2007) 130–144.

[2] K. Cherif, J. Mrazek, S. Hleli, V. Matejec, A. Abdelghani, M. Chomat, N. Jaffrezic-
Renault, I. Kasik, Detection of aromatic hydrocarbons in air and water by using
xerogel layers coated on PCS fibers excited by an inclined collimated beam, Sens.
Actuators B 95 (2003) 97–106.

[3] G. Orellana, D. Haigh, New trends in fiber-optic chemical and biological sensors,
Curr. Anal. Chem. 4 (2008) 273–295.

[4] D. Liu, T. Liu, H. Zhang, C. Lv, W. Zeng, J. Zhang, Gas sensing mechanism and
properties of Ce-doped SnO2 sensors, Mater. Sci. Semicond. Process. 15 (2012)

Fig. 7. (a) Normalized measured spectral responses at different concentrations of ethanol for a TSCSMF based 4-pass coating sensor; and (b) corresponding measured
wavelength shifts for different VOCs and concentrations.

D. Liu et al. Sensors & Actuators: B. Chemical 271 (2018) 1–8

6

http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0005
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0005
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0005
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0010
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0010
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0010
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0010
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0015
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0015
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0020
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0020


438–444.
[5] M.J. Fernández, J.L. Fontecha, I. Sayago, M. Aleixandre, J. Lozano, J. Gutiérrez,

I. Gŕacia, C. Cané, M.C. Horrillo, Discrimination of volatile compounds through an
electronic nose based on ZnO SAW sensors, Sens. Actuators B Chem. 127 (2007)
277–283.

[6] B. Li, G. Sauvé, M.C. Iovu, M. Jeffries-E.L, R. Zhang, J. Cooper, S. Santhanam,
L. Schultz, J.C. Revelli, A.G. Kusne, T. Kowalewski, J.L. Snyder, L.E. Weiss,
G.K. Fedder, D.N. Lambeth, Volatile organic compound detection using nanos-
tructured copolymers, Nano Lett. 6 (2006) 1598–1602.

[7] N.A. Rakow, K.S. Suslick, A colorimetric sensor array for odour visualization,
Nature 460 (2000) 710–713.

[8] R. Lu, W. Li, B. Mizaikoff, A. Katzir, Y. Raichlin, G. Sheng, H. Yu, High-sensitivity
infrared attenuated total reflectance sensors for in situ multicomponent detection of
volatile organic compounds in water, Nat. Protoc. 11 (2016) 377–386.

[9] M.R.R. Khan, B. Kang, S. Yeom, D. Kwon, S. Kang, Fiber-optic pulse width mod-
ulation sensor for low concentration VOC gas, Sens. Actuators B Chem. 188 (2013)
689–696.

[10] C. Elosua, I. Vidondo, F.J. Arregui, C. Bariain, A. Luquin, M. Laguna, I.R. Matias,
Lossy mode resonance optical fiber sensor to detect organic vapors, Sens. Actuators
B 187 (2013) 65–71.

[11] M.G. Manera, G. Leo, M.L. Curri, P.D. Cozzoli, R. Rella, P. Siciliano, A. Agostiano,
L. Vasanelli, Investigation on alcohol vapours/TiO2 nanocrystal thin films interac-
tion by SPR technique for sensing application, Sens. Actuators B Chem. 100 (2004)
75–80.

[12] A. Dikovska, G. Tanasova, N. Nedyalkov, P. Stefanov, P. Atanasov, E. Karakoleva,
A. Andreev, Optical sensing of ammonia using ZnO nanostructure grown on a side-
polished optical-fiber, Sens. Actuators B Chem. 146 (2010) 331–336.

[13] S.K. Mishra, D. Kumari, B.D. Gupta, Surface plasmon resonance based fiber optic
ammonia gas sensor using ITO and polyaniline, Sen. Actuators B Chem. 171–172
(2012) 976–983.

[14] X. Ning, C. Zhao, F. Shi, S. Jin, Multipoint chemical vapor measurement by zeolite
thin film-coated Fresnel reflection-based fiber sensors with an array-waveguide
grating, Sens. Actuators B 227 (2016) 533–538.

[15] C. Yu, Y. Wu, C. Li, F. Wu, J. Zhou, Y. Gong, Y. Rao, Y. Chen, Highly sensitive and
selective fiber-optic Fabry-Perot volatile organic compounds sensor based on a
PMMA film, Opt. Mater. Express 7 (2017) 2111–2116.

[16] X. Ning, J. Yang, C. Zhao, C. Chan, PDMS-coated fiber volatile organic compounds
sensors, Appl. Opt. 55 (2016) 3543–3548.

[17] C. Bariáin, I.R. Matıás, I. Romeo, J. Garrido, M. Laguna, Detection of volatile or-
ganic compound vapors by using a vapochromic material on a tapered optical fiber,
Appl. Phys. Lett 77 (2000) 2274–2276.

[18] Y. Chen, C. Lu, Surface modification on silver nanoparticles for enhancing vapor
selectivity of localized surface plasmon resonance sensors, Sens. Actuators B Chem.
135 (2009) 492–498.

[19] J. Hromadka, M.C. Partridge, S.W. James, F. Davis, D. Crump, S. Korposh, R. Tatam,
Multi-parameter measurements using optical fibre long period gratings for indoor
air quality monitoring, Sens. Actuators B Chem. 244 (2017) 217–225.

[20] S. Tao, L. Xu, J.C. Fanguy, Optical fiber ammonia sensing probes using reagent
immobilized porous silica coating as transducers, Sens. Actuators B 115 (2006)
158–163.

[21] D. Liu, W. Han, A.K. Mallik, J. Yuan, C. Yu, G. Farrell, Y. Semenova, Q. Wu, High
sensitivity sol-gel silica coated optical fiber sensor for detection of ammonia in
water, Opt. Express 24 (2016) 24179–24187.

[22] J.C. Echeverria, M. Faustini, J.J. Garrido, Effects of the porous texture and surface
chemistry of silica xerogels on the sensitivity of fiber-optic sensors towards VOCs,
Sens. Actuators B 222 (2016) 1166–1174.

[23] J. Estella, J.C. Echeverria, M. Laguna, J.J. Garrido, Silica xerogels of tailored por-
osity as support matrix for optical chemical sensors. Simultaneous effect of pH,
ethanol:TEOS and water:TEOS molar ratios, and synthesis temperature on gelation
time, and textural and structural properties, J. Non Cryst. Solids 353 (2007)
286–294.

[24] J. Estella, J.C. Echeverria, M. Laguna, J.J. Garrido, Effects of aging and drying
conditions on the structural and textural properties of silica gels, Microporous
Mesoporous Mater. 102 (2007) 274–282.

[25] D. Liu, A.K. Mallik, J. Yuan, C. Yu, G. Farrell, Y. Semenova, Q. Wu, High sensitivity
refractive index sensor based on a tapered small core single-mode fiber structure,
Opt. Lett. 40 (2015) 4166–4169.

[26] L. Sun, Y. Semenova, Q. Wu, D. Liu, J. Yuan, T. Ma, X. Sang, B. Yan, K. Wang, C. Yu,
G. Farrell, High sensitivity ammonia gas sensor based on a silica gel coated mi-
crofiber coupler, IEEE J. Lightwave Technol. 35 (2017) 2864–2870.

[27] Q. Wu, Y. Semenova, P. Wang, G. Farrell, A comprehensive analysis verified by
experiment of a refractometer based on an SMF28- Small-Core Singlemode fiber
(SCSMF) –SMF28 fiber structure, J. Opt. 13 (2011) 125401.

[28] A.W. Snyder, Coupled-mode theory for optical fibers, J. Opt. Soc. Am. 62 (1972)
1267–1277.

[29] C. Reichardt, Solvatochromic dyes as solvent polarity indicators, Chem. Rev. 94
(1994) 416–431.

[30] J.F. Deye, T.A. Berger, A.G. Anderson, Nile red as a solvatochromic dye for mea-
suring solvent strength in normal liquids and mixtures of normal liquids with su-
percritical and near critical fluids, Anal. Chem. 62 (1990) 615–622.

[31] M.R.R. Khan, S.W. Kang, A high sensitivity and wide dynamic range fiber-optic
sensor for low-concentration VOC gas detection, Sensors 14 (2014) 23321–23336.

[32] M. Kubeckova, M. Sedlar, V. Matejec, Characterization of sol-gel derived coatings
on optical fibers, J. Non-Cryst. Solids 147&148 (1992) 404–408.

Dejun Liu received the Master’s degree in materials science and engineering from

Chongqing University, Chongqing, China, in 2012. He is currently working toward the
Ph.D. degree at the Photonics Research Centre, Dublin Institute of Technology, Dublin,
Ireland. He was an Engineer with Huawei Technology Limited Company from 2012 to
2013. From March to August in 2017, he was a Visiting Scholar with Northumbria
University, Newcastle Upon Tyne, U.K. His current research interests include optical fiber
sensing utilizing special fibers and microfibers.

Rahul Kumar received his master’s degree in electronics and communication engineering
from Mahamaya Technical University, Noida, India, in 2012. He is currently working
towards his PhD. Degree at Northumbria University, Newcastle upon Tyne, U.K. He has
worked at different academic position in various academic institute in Indian, from 2012
to 2013. He was working as an expect lecturer at Arbaminch University, Ethiopia under
U.N.D.P from 2013 to 2015 before starting his PhD research in October 2015. His current
research interests include developing optical fibre based bio-chemical sensors for en-
vironmental monitoring.

Fangfang Wei received the Master’s degree in Optical Communication System and
Devices from Tianjin University of Technology, Tianjin, China. She is currently working
towards the PhD. degree at the Photonics Research Centre, Dublin Institute of
Technology, Dublin, Ireland. She was an Optical Engineer in the field of Machine Vision
in LUSTER LightTech Group Limited Company from 2012 to 2015. Her current research
interests include optical fibre laser sensing utilizing special fibers.

Wei Han received the master's degree in science and engineering from Tianjin university
of technology, Tianjin, China, in 2014. He currently working toward the Ph.D degree at
the Photonics Research Centre, Dublin Institute of Technology, Dublin, Ireland. His cur-
rent research interests include optical fiber sensing for solid-liquid phase change detec-
tion.

Arun Kumar Mallik is a Ph.D. student in the Photonics Research Center at the school of
electrical and electronics engineering in the Dublin Institute of Technology, Ireland. He
will be graduate on December 2017. Previously, He has a M.Tech. Degree in Electronics &
communication engineering from Tezpur University, Assam, India in 2007. Between
2007–2013 he worked as a researcher at photonics lab in S.A.M.E.E.R (Society for Applied
Microwave Electronics Engineering & Research), Mumbai, India. His research interest
focuses on Optical fiber based sensors, micro cavity resonators, optical waveguide, fem-
tosecond micro machining, packaging of optical devices.

Jinhui Yuan received the B.S. and M.S. degrees from Yanshan University, Qinhuangdao,
China, in 2005 and 2008, respectively. In 2011, he received the Ph.D. degree from Beijing
University of Posts and Telecommunications (BUPT), Beijing, China. He is currently with
the BUPT as an associate professor. He is also a Hong Kong Scholar at the Photonics
Research Centre, Department of Electronic and Information Engineering, The Hong Kong
Polytechnic University. His current research interests include photonic crystal fibers, si-
licon waveguide, and optical fiber devices. He is the Members of IEEE and OSA. He has
published over 100 papers in the academic journals and conferences.

Shengpeng Wan was born in Nanchang, P.R.China, in 1971. He received the Ph.D. de-
gree in optics from University of Electronic Science & Technology of China, Chengdu,
China, in 2002. He was a post-doc at Center of Optical and Electromagnetic Research of
Zhejiang University during 2003–2005. Currently he is a professor at Jiangxi Engineering
Laboratory for Optoelectronics Testing Technology, Nanchang Hangkong University,
China. His current research interests include optical fiber sensors and OCDMA.

Xingdao He was born in Jingan, Jiangxi Province, China, in 1963. He received the Ph.D.
degree in optics from Beijing Normal University, Beijing, China, in 2005. Currently he is a
director and professor of Jiangxi Engineering Laboratory for Optoelectronics Testing
Technology, Nanchang Hangkong University, China. His current research interests in-
clude Brillouin scattering and spectroscopic techniques.

Zhe Kang received the B.S. degree from the Wuhan University of Technology, Wuhan,
China, in 2006, the M.S. degree from Dalian Polytechnic University, Dalian, China, in
2012, and the Ph.D. degree from the Beijing University of Posts and Telecommunications,
Beijing, China, in 2015. He currently serves as the Postdoctoral Fellow in the Hong Kong
Polytechnic University. His research interests include ultrafast nonlinear optics and
nonlinear silicon photonics based all-optical signal processing

Feng Li received the B.S. and Ph.D. degrees from the University of Science and
Technology of China, Hefei, China, in 2001 and 2006, respectively. After that, he joined
the Hong Kong Polytechnic University as a Postdoctoral Fellow. He is currently a
Research Fellow at the Hong Kong Polytechnic University. His research interests include
fiber lasers, especially multiwavelength lasers and mode locked lasers, nonlinear fiber
optics, supercontinuum generation, and nonlinear dynamics in optical devices and optical
systems.

Chongxiu Yu received the Graduate degree from Beijing University of Posts and
Telecommunications (BUPT), Beijing, China, in 1969. She is currently with BUPT as a
Professor. She is involved in university education and research work and has been the
Principal Investigator of many projects supported by China 863 plan, the National Natural
Science Foundation, and the National Ministry of Science Technology, etc. She has
published more than 300 papers. Her research interests include optical fiber commu-
nication, photonics switching, and optoelectronics technology and its applications. Prof.
Yu is a Member of the Chinese Institute of Communication, Committee of Fiber Optics and

D. Liu et al. Sensors & Actuators: B. Chemical 271 (2018) 1–8

7

http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0020
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0025
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0025
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0025
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0025
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0030
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0030
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0030
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0030
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0035
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0035
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0040
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0040
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0040
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0045
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0045
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0045
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0050
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0050
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0050
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0055
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0055
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0055
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0055
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0060
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0060
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0060
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0065
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0065
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0065
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0070
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0070
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0070
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0075
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0075
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0075
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0080
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0080
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0085
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0085
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0085
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0090
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0090
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0090
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0095
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0095
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0095
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0100
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0100
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0100
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0105
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0105
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0105
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0110
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0110
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0110
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0115
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0115
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0115
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0115
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0115
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0120
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0120
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0120
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0125
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0125
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0125
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0130
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0130
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0130
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0135
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0135
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0135
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0140
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0140
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0145
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0145
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0150
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0150
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0150
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0155
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0155
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0160
http://refhub.elsevier.com/S0925-4005(18)31013-X/sbref0160


Integral Optics, and the Chinese Optical Society.

Gerald Farrell received the Graduate (Hons.) degree in electronic engineering from
University College Dublin, Dublin, Ireland, in 1979, and the Ph.D. degree from Trinity
College Dublin, Dublin, for research in all-optical synchronization using self-pulsating
laser diodes. Between 1997 and 2003, he was the Director of the startup company PX
Instrument Technology, focusing on optical fiber system test and measurement systems.
He spent a number of years as a Communications Systems Design Engineer developing
optical fiber transmission systems before joining Dublin Institute of Technology (DIT),
Dublin. He is the Founder and Director of the Photonics Research Centre, DIT. He has
been the Head of the School of Electronic and Communications Engineering, DIT, since
2001. He has more than 300 publications in the area of photonics. His current research
interests include several areas of optical sensing including FBG interrogation systems, the
modeling and applications of fiber bent loss to optical sensing, SMS and other fiber
structure for sensing applications, PCF sensors for environmental sensing and for sensing
strain in composite materials and medical devices, LC infiltrated PCF sensor, and mi-
crofiber and nanowire sensors for biosensing.

Yuliya Semenova received the Graduate degree from Lviv Polytechnic National
University, Lviv, Ukraine, in 1992, and the Ph.D. degree in physics of liquid crystals from
Ukrainian Academy of Sciences, Kiev, Ukraine, in 1999. Between 1997 and 2001, she was
a Research Fellow with the Faculty of Electro-Physics, Lviv Polytechnic National

University. Since 2001, she has been with the School of Electronic and Communications
Engineering, Dublin Institute of Technology, Dublin, Ireland. She is currently a Professor
with the Photonics Research Centre, Dublin Institute of Technology. She has been pub-
lished more than 200 journal and conference papers. Her research interests include liquid
crystal, photonics, and fiber optic sensing.

Qiang Wu received the B.S. degree in physics from Beijing Normal University, Beijing,
China and the Ph.D. degree from Beijing University of Posts & Telecommunications,
Beijing, in 1996 and 2004, respectively. He was a Senior Research Associate with the
Optoelectronics Research Centre, City University of Hong Kong, a Research Associate
with the Applied Optics and Photonics Group, Heriot-Watt University, and a Stokes
Lecturer and Fiosraigh Principal Investigator with the Photonics Research Centre, Dublin
Institute of Technology. He is currently an Associate Professor with Department of
Mathematics, Physics & Electrical Engineering, Northumbria University, Newcastle Upon
Tyne, United Kingdom. His current research interests include optical fiber interferometers
for novel fiber optical couplers and sensors, nanofiber, microsphere sensors for bio-che-
mical sensing, design and fabrication of fiber grating devices and their applications for
sensing, nonlinear fiber optics and surface plasmon resonant. Dr. Wu has over 200 pub-
lications in the area of photonics. He is a Committee member of Holography and Optical
Information Processing committee, The Chinese Optical Society, a member of Editorial
Board of Scientific Reports and an Associate Editor of IEEE Sensors Journal.

D. Liu et al. Sensors & Actuators: B. Chemical 271 (2018) 1–8

8


	High sensitivity optical fiber sensors for simultaneous measurement of methanol and ethanol
	Introduction
	Theory and operating principle of the sensors
	Operation principle for the TSCSMF and MFC
	Operating principle for Nile red

	Experiments
	Nile red immobilized sol-gel silica fabrication
	TSCSMF/MFC fiber structures fabrication and dip coating process
	Experimental setup for VOCs sensing

	Results and discussion
	Scanning electron microscope (SEM) and energy-dispersive X-ray spectroscopy (EDS) analysis
	Spectral response to VOCs for the sensors based on the TSCSMF and MFC
	Measurement repeatability
	Simultaneous measurement for methanol and ethanol

	Conclusion
	Acknowledgements
	References




