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Clad-modified fibre optic ammonia sensor was developed subsequently using pure V,0s, MoOs, and its composites with TiO,. Prior to the
sensing measurement, the composite was synthesised and studied for the structural and microstructural properties using powder X-ray
diffractometer and field emission scanning electron microscope. The analysis confirms the existence of nanocrystalline anatase phase TiO,
in the grain boundaries of microcrystalline V,0s/MoOs; in the composites. Ammonia sensing measurement was performed for different
concentrations of ammonia exposures up to 500 ppm. The obtained response was applied to calculate the sensitivity and it was found to
be superior for the clad modified with composite material as compared to the pure microcrystalline samples are discussed in detail.

1. Introduction: Materials with modified properties are being
developed to fabricate the high definition sensor that exhibits
superior sensitivity and selectivity. Recent technological advance-
ments in sensor manufacture and the materials development have
gained considerable attention in the scientific world [1]. Fibre
optic sensors are being made with interest and increasing effect
due to their inherent advantages such as simplicity of operation,
low cost, multiplexing proficiency, and ability to perform as real
dispersed sensors [2]. In fibre optic sensors, the intensity modula-
tion can be altered with interchange or modified with the small
portion of the cladding part of the optical fibre, called clad-modified
optical fibre sensors [3]. In general, the mechanism of clad-
modified fibre optic sensor is based on the evanescent wave absorp-
tion technique. In fibre optic gas sensors, the evanescent wave
changed with changes in the refractive index of the sensing material
when exposed to the desired gas [4]. Up to now, various kinds
of gas sensors, including metal oxide gas sensor, polymer com-
posite gas sensor, carbon nanotube-based gas sensor, and
nanoheterostructural gas sensor have been extensively investigated
[5-7]. There are several transition metal oxides such as ZnO,
Sn0,—CuO, NiO, V,0s, and WO; [8-11], which have been used
for fibre optic gas sensor applications by various researchers.
Nevertheless, such bulk material is hampered to achieve superior
sensitivity and response which prompts to discover the micro—nano-
composite to improve the performance. The reason for finding such
innovations is a high surface area, size effect, and enhanced reaction
mechanism on the surface of micro—nano-composite among others.
Micro—nano-composite consists of a large number of grains con-
tacting at microcrystalline boundaries.

Ammonia sensor has been used for medical diagnostic breath
analysis, automotive air quality monitoring, warfare, and explosive
agents monitoring, environmental monitoring, refrigeration,
agricultural monitoring and chemical industry monitoring [12].
The long-term exposure above 500 ppm concentration can create
an accumulation of fluid in the lungs causing pulmonary oedema
[13]. The low concentration of ammonia does not cause severe pro-
blems to humans since it is a natural body product from the meta-
bolic reaction of protein and nucleic acid. The resulting metabolic
product from the body, such as urea and ammonium salts, excreted
through sweating glands. Although excess ammonia in exhaled air
is symptoms of kidney disorder or ulcers caused by Helicobacter
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pylori bacteria which is on the wall of the human stomach and
neutralising the digestive acid to survive. Gaston et al. [14] reported
that the sensors based on the parameters of temperature, humidity,
and pH using clad-modified technique may lead to performing high
sensitivity, low attenuation, and high propagation strength.

Studies on the surface modification of TiO, with vanadium
species improve the ethanol gas sensitivity up to two orders over
pure TiO, was recently reported by Epifani er al. [15]. Galatsis
et al. [16] investigated O,, CO and NO, gas sensing properties of
the sol-gel-derived MoOs-TiO, thin films. Comparative study of
gas sensing behaviour of MoOj thin films prepared by the different
synthesis methods was demonstrated by Prasad et al. [17]. The
reason for selecting the specific transition metal oxides V,05 and
MoOj is similar in the crystal structure, ionic radii, and their
highest oxidation state providing the unique intercalation of gas
molecules [18]. In this paper, micro—nano-composites were pre-
pared and it is coated as a modified clad material in the small
region of optical fibre to fabricate the ammonia sensor. The
structural and ammonia gas sensing properties of the micro-
crystalline V,0s and MoO;z samples and their composite with
TiO, were studied. The sensing performance of the composites
was studied in ammonia gas at room temperature using the
evanescent wave adsorption.

2. Experimental details: Anatase phase titanium dioxide nano-
crystals were prepared by the sol-gel method using titanium (IV)
tetraisopropoxide (C1,H,304Ti, Sigma-Aldrich) as a precursor.
The detailed synthesis condition was reported elsewhere [19].
Vanadium pentoxide (V,0s, SRL) and molybdenum trioxide
(MoOs, Alfa aesar) were directly used without any further purifica-
tion. The micro—nano-composites were prepared by mixing
0.95:0.05 weight ratio, the resulting powder was ground to obtain
a fine mixture using pestle and mortar, then the samples were
annealed at 450°C for 1 h under high-temperature box furnace.
Powder X-ray diffraction patterns recorded on the Rigaku
Ultima-IV powder X-ray diffractometer using CuK,, radiation
(A=0.15406 nm). The sol-gel-derived nanocrystalline TiO,
sample was collected by Philips CM12 transmission electron
microscope to understand the crystallite size distribution and its
morphology. Morphology of all the four samples was carried out
using a Zeiss SUPRA 40 FESEM microscope operated at 20 kV.
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The clad-modified fibre optic sensor was prepared using poly-
methylmethacrylate (PMMA) fibre with a clad diameter and refract-
ive index of 15 pm and 1.402, respectively. The refractive index of
the core is about 1.492. However, in this case, we are concerned
about the refractive index of the clad. The sensitivity of the
sensor increased with an increase in the refractive index of the
coated fibre reported in the earlier literature [20]. The total length
of the fibre used for this Letter is about 42 cm and the middle
portion of the clad was removed using the mechanical scrubbing
process. Further, the unclad portion of the optical fibre was
coated with the samples by a slurry deposition method using iso-
propanol as a solvent. Ammonia sensing characteristics of the
samples were studied using indigenously designed gas-sensor
set-up [11]. The variations in the optical intensity of the pure and
composite samples were obtained using the computer controlled
spectrophotometer (EPP-2000, Stellar Net Inc., USA) in the range
of 190-1100 nm.

3. Results and discussion

3.1. Structural analysis: Structural properties of sol-gel-derived
nanocrystalline TiO,, microcrystalline, and micro—nano-composites
were analysed using powder X-ray diffraction and shown, respect-
ively, in Figs. la—e. All the peaks present in Fig. la were well
indexed with the joint committee for powder diffraction standard
JCPDS Card No. 894921 using the XRDA 3.1 software and the
peaks were assigned to the anatase TiO, phase with the planes of
(101), (004), (200), (105), and (211). In the micro—nano-composite,
only peaks corresponding to the orthorhombic V,05 and MoO;
were found in the XRD pattern according to the JCPDS Card
Nos. 09-0387 and 05-0508, respectively.

3.2. Microstructural analysis: The nanocrystalline nature of the
TiO, sample was confirmed directly with bright field transmission
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Fig. 1 Powder X-ray diffraction pattern of
a Nanocrystalline TiO,

b Microcrystalline V,05

¢ (V205)0.95+(TiO2)9.05 composite

d Microcrystalline MoO3

€ (M00O3)0.95~(TiO2)0.05 composite
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electron microscopic image shown in Fig. 2a. The average grain
size was calculated and shown in the image of Fig. 2b. The best
fit of this distribution was achieved with a Gaussian function,
shown as a red solid line and the average grain size is about
9nm. Selected area electron diffraction pattern of the sol-gel-
derived TiO, was converted into three dimensions using the com-
mercial Image-J scientific software and it was shown as Fig. 2c.
The obtained electron diffraction pattern was indexed [21] with
the anatase phase of TiO, and the rings are assigned to (101),
(004), (200), and (105).

The microstructural analysis of pure V,0s, MoO3, and micro—
nano-composites was shown in Figs. 3a—d, respectively. It can be
seen that the samples depicted in Figs. 35 and d composed of
micro- and nanoscale materials clearly reveal the formation of the
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Fig. 2 Nanocrystalline TiO,

a HRTEM image

b Crystallite size distribution

¢ Selected area electron diffraction pattern

Fig. 3 FESEM images of

a Microcrystalline V,05

b (V205)0.95~(Ti02)0.05 composite
¢ Microcrystalline MoOs

d (M003)0.95(TiO2)0.05 composite
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micro—nano-composite. The V,0s and MoO; exhibit irregular
microdimension flakes like morphology and the TiO, crystallites
were distributed on the grain boundaries of microcrystalline
materials. The microstructural analysis reveals the dimension of
crystallites in the micro- and nanoregime of the composite sample.

3.3. Fibre optic ammonia sensing behaviour: A clad-modified fibre
optic sensor was made by mechanical scrubbing of the clad part of
the fibre to expose the core surface over a length of 3 cm. All the
four samples were formed into a paste by adding a few drops of
2-propanol then the paste was coated on the fibre optic cable
where the clad is removed and then dried under air. The coating
thickness on the clad removal part is about 30 um [10]. The
principle of an optical fibre is total internal reflection [22] when it
applied to the interface of the core-modified clad, all the intensity
has not reflected back at the interface and some part of intensity
has penetrated into the modified clad part and that intensity is
called evanescent wave which decays exponentially away from
the interface. In this clad-modified fibre one end of the fibre is con-
nected to the source while the other end of the fibre is connected to
the detector. The light waves propagate through one end of the fibre
while the other end the optical signal attenuation will be detected by
a detector. This optical attenuation was due to the evanescent field
produced by the coated material in the clad-modified region of the
optical fibre.

The block diagram of the clad-modified optical fibre ammonia
gas sensing set-up along with the mechanism of light transmission
in clad-modified fibre was shown in Fig. 4. Here the samples com-
posed of both the micro- and nanoregime materials and nano-
crystalline TiO, consist of a large number of grains, contacting at
V,05s and MoO; boundaries. Due to this reason, the large
numbers of ammonia molecules were accumulated in the active
sites of sensing materials [23]. The ammonia sensing behaviour
of pure and micro—nano-composite samples at concentrations
from 0 to 500 ppm in the periodic interval of 10 min was investi-
gated using a fibre optic spectrophotometer. The obtained spectral
response was shown in Figs. Sa—d and its magnified spectral
response was shown as an inset. From this spectral response, the
intensity of the dip wavelength increases with the increasing
of ammonia gas concentration due to the reducing nature of
ammonia molecules. The observed dip wavelengths in the spectral
responses are 711 and 758 nm for all the samples. From the analysis
of sensitivity data, it is inferred that only micro—nano-composite
showed superior spectral response at 758 nm when compared to
pure samples The gas sensitivity of the clad-modified optical
fibre gas sensor is associated with spectral intensity of samples
and it can be calculated using the equation S (%)= ((lo—1,)/1,) %
100, where 1, is the spectral intensity in the absence of gas and /,
is the spectral intensity in the presence of gas. It was observed
that the micro—nano-composites of V,0s and MoO; samples
showed the sensitivity of 3.9 and 4.9% when compared with the
sensitivity of pure microcrystalline V,0s and MoO; about 2.1

refractive index
M claddng™ 1.402

refractive index
M con= 1,482

avanascentwave

clad modified region coated with
micro — nano composite

Fig. 4 Block diagram of an evanescent wave ammonia gas sensor measure-
ment set-up
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Fig. 5 Spectral response of optical fibre clad modified with

a Microcrystalline V,05

b (V205)0.95~(Ti02)0.05 composite

¢ Microcrystalline MoO;

d (M003)0.95—(TiO,)0.05 composite for different concentration of ammonia
(Inset: Magnified spectral response)

and 3.7%, respectively, at 500 ppm of ammonia gas concentration.
In order to identify the superior sensitivity and nature of the com-
posites, all the data were plotted in the bar chart representation as
shown in Figs. 6a and b. We have found that the sensitivity of
samples linearly increases with an increase in ammonia con-
centration. Further, the micro—nano-composites exhibited superior
sensitivity towards the ammonia gas compared to the micro-
crystalline samples due to the grain boundary effects in poly-
crystalline inorganic TiO, working at room temperature. The
improved sensitivity was due to the presence of nanocrystalline
titania grains, segregated at the microcrystalline sample grain
boundary enhances the surface area of the composite material.
Hence, the impact on the surface area leads to accumulating more
reducing ammonia molecules which donate their valence electrons
to the sample which modifies the refractive index of the sensing
material [24]. The unique layered structure of both V,0s and
MoO; along with the enhanced surface area due to the nano-
crystalline leads to the intercalation of ammonia molecules into
their active sites showing the superior sensitivity.

5
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5 I o0,
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Fig. 6 Concentration-dependent percentage sensitivity plot for pure V,0s,

MoOj; micro-V,0s5—nano-TiO, and micro-MoOs;—nano-TiO, composites
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4. Conclusion: A clad-modified fibre optic ammonia sensor
was developed subsequently using pure V,0s, MoOs3, and its com-
posites with TiO,. The sensing measurement was performed for
different concentrations of ammonia exposures up to 500 ppm.
The sensitivity of the V,05 and MoO; samples was 3.9 and
4.9%, respectively, showed a superior sensitivity when compared
to the pure microcrystalline samples. As expected, the micro—nano-
composite showed a higher sensitivity than the microcrystalline
samples, which are due to the enhanced surface area of the com-
posite samples in the presence of nanocrystalline titania, led to
accumulating more gaseous ammonia molecules. Therefore, the
evaluations of prepared micro—nano-composite samples are suitable
for the ammonia sensor.
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