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INTRODUCTION

Nanomaterials generally exhibits remarkable properties in
their respective field of applications, especially the considering
the sensing applications semiconductors play vital role in the
detection of various analytes [1-4]. The metal oxide semicon-
ductors in their nanostructured showcase greater impact towards
sensing ability in comparison with micro and macro-structured
materials owing to their intrinsic and optimistic material
characteristics. The blend approaches of nanotechnology and
microelectronics have established their unique sway over high
density structure, smart materials generation with innovative
multi-analyte sensing devices for the raise in demand for highly
sensitive and highly selective smart sensors with greater efficiency
detecting multi-analytes in real-time applications [5-8]. How-
ever, the use of semiconducting metal oxide nanoparticles for
gas sensing applications have been prominent source but using
green synthesized nanoparticles has tremendous upsurge of
interest in the recent past [9-11]. The researchers are much deter-
mined in using these green non-toxic nanoparticles in emerging
technologies such as photonics, electronics, catalysts, sensing
applications, micro and nano devices, efc. [12-15].
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TiO; nanoparticles synthesis using Ficus benghalensis leaf extract via green synthesis approach, were characterized using XRD, FTIR, |
EDAX analysis and SEM. The present study explores the use of as-synthesized TiO, nanoparticles for the detection of methanol by spin- |
coating as-synthesized TiO, nanoparticles (~ 100 nm thickness) over n-type Si substrate as an active material with Au sputtered electrodes
(~ 60 nm). The change in resistivity and electrical conductivity when exposed to the analyte clearly evidenced the detection at low |
operating temperature is recorded. The response curve of transient resistance vs. time was recorded at different working temperatures (50- |
200 °C) and the device tested multiple times exhibited the same behaviour affirming the reproducibility with stability of thin film sensor |
|
|
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The TiO, nanoparticles is one among the most commonly
used material for gas sensing applications with a wide band
gap (3.2-3.35 eV) and large binding energy. TiO, nanoparticles
is generally reviewed as the favourable resistive-type active
media for sensing various gas molecules [16-18]. The gas mole-
cules surface interactions onto the nanostructured metal oxides
is normally the measure of charge density of charge carriers
and conductance or resistance is measured to analyze the device
sensing performance, which reprints the ability of semicon-
ducting metal oxide nanoparticles. The TiO, nanostructure can
be synthesized using various technique such as sol-gel method,
hydrothermal synthesis technique, electro-anodization, chemical
vapour technique, template assisted and physical vapour depo-
sition technique [19-21]. The inalienable oxygen opening in
TiO, species shows that there is more in addition to charge
from Ti when contrasted with less oxygen charge. As affirmed
from the stoichiometry hypothesis for semiconductor, this sort
of rich electron and has a place with n-type semiconductor.

In present work, an easy, cost-effective and eco-friedly
sustainable green approach is utilized for the synthesis of TiO,
nanoparticles via aqueous extract of Ficus benghalensis leaves.
The TiO, nanoparticles as-synthesized were obtained at much
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ease of process. The as-synthesized nanoparticles first of its
kind, were characterized using various analytical instruments
such as X-ray diffraction (XRD), energy dispersive X-ray (EDAX)
analysis, scanning electron microscopy (SEM) and Fourier
transform infrared (FTIR) spectroscopy analysis. The TiO, nano-
particles were deposited over n-type Si substrate with gold (Au)
sputtered as electrodes to measure the detctection of methanol
and affirm the sensing studies with varying electrical para-
meters that ensures notable sensitivity and reproducibility.
Present work reported the synthesis of TiO, nanoparticles, their
characterization and the fabricated device sensing perfor-
mance.

EXPERIMENTAL

The AR grade solvents such as ethanol and isopropyl
alcohol (IPA) were procured from Merck, while titanium tetra-
isopropoxide (TTIP) was procured from Sigma-Aldrich, USA.

Extraction of aqueous Ficus benghalensis leaf: Initially,
Ficus benghalensis fresh leaves collected from the local areas
were rinsed and washed thoroughly with distilled water to
remove any sort of dust cling to the surface. Furthermore, the
leaves were allowed to dry at 60 °C in a hot-air oven so that
water droplets on surface dry completely. These dry leaves were
grinded using lab grinder to obtain powder form of leaf which
was collected and stored. Ficus benghalensis leaf extract was
prepared by mixing 50 g of obtained leaf powder with 100 mL
of distilled water, which is normally used as capping/stabilizing
agent and the resultant mixture was annealed at 90 °C for 45
min with continuous stirring at 400 rpm. The resultant solution
was filtered using Whatman filter paper once after the annealing
process. This extract was further used in the process of synthesis
of TiO, nanoparticles.

Synthesis of TiO, nanoparticles: TiO, nanoparticles by
the green/biogenic approach were prepared by adding 50 mL
of 1M TTIP solution to 50 mL of Ficus benghalensis leaf
extractin 1:1 ratio of (volume/volume) followed by continuous
stirring at room temperature for 4 h. The technique involved
in the formation of TiO, nanoparticles by hydrolysis of TTIP,
which was the presiding pathway for obtaining the TiO, nano-
particles. The leaf extract present in resultant mixture act as a
capping/stabilizing agent was to avoid agglomeration and to
achieve the desired shape/size of the green TiO, nanoparticles.
The resultant mixture was centrifuged at 5000 rpm for 10 min
after the stirring process so that the precipitate is formed at
bottom and these nanoparticles were collected. The collected
wet TiO, nanoparticles were dried at 100 °C for 12 h and then
subjected to calcination at 500 °C in a muffle furnace for 2 h.
Thus, obtained green/biogenic synthesized TiO, nanoparticles
were collected and stored for further characterization and use
of this as-synthesized TiO, nanoparticles were spun on Si
substrate to study detection of methanol.

RESULTS AND DISCUSSION

X-ray diffraction (XRD) analysis: The as-synthesized
TiO, nanoparticles were recorded using XRD instrument at
room temperature, alongside the angle of 20-80° (in 26 range)
using X-ray diffractometer (Rigaku Ultima I'V instrument). The

recorded XRD pattern of TiO, nanoparticles confirms that it
belongs to the anatase phase, with tetragonal crystal system
(Fig. 1). The TiO, nanoparticles characteristic peaks were
observed angles from 0° to 70° at (20) of 25.43° (110), 37.0°
(103), 37.8°(004), 38.6° (112), 48.0° (200), 53.9° (105), 55.1°
(211),62.6°(204) and 68.8° (116). The crystallite particle size
of TiO, nanoparticles were found in the range of ~ 21 nm. The
pattern recorded was in good agreement with Joint Committee
on Powder Diffraction Standard (JCPDS) card number: 89-4921.
The particle crystallite size was calculated using the Scherrer’s
formula equation (eqn. 1):
KA

BcosO M
where, D is the crystallite size, 3 = full width at half maximum
(FWHM), k is the Scherrer’s constant (0.94), A is the wave-
length (CuKo radiation, 1.54 A), @ is the diffraction point
(Bragg’s angle).
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Fig. 1. XRD pattern obtained for the TiO, NPs synthesized from aqueous
extract of Ficus benghalensis leaves

FTIR analysis: The FTIR spectrum was recorded for as-
synthesized TiO, nanoparticles, which indexes the band range
at 3371 cm™ ascribing to the O-H stretching vibration (free
water molecules), the band at 1637 cm™ was attributed to the
O-H bending vibration (chemically adsorbed water) (Fig. 2).
The characteristic peak at 496 cm™ affirms the Ti-O bond indi-
cating that the as-synthesized TiO, nanoparticles have greater
interaction towards the molecular reaction [22-24].

SEM and EDAX analysis: The green/biogenic synthe-
sized TiO, nanoparticles were exposed to SEM and EDAX
instruments to study the surface morphology, size/shape and
elemental composition to ascertain the atomic percentage,
respectively. The SEM image obtained confirmed that the
crystallite particles were spherical in shape. The spherical TiO,
nanoparticles with less agglomeration were observed with
particle size of ~ 30 nm to ~ 50 nm. The as-synthesized TiO,
nanoparticles with captured SEM image having spherical mor-
phology are depicted in Fig. 3a-b. The EDAX spectrum of
TiO, nanoparticles were recorded to ascertain the elemental
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120 y l y l y l y T ' composition with atomic weight percentage (Fig. 3c-d). The
spectrum affirms the purity of the as-synthesized nanomaterial
also evidences the presence of Ti and O elements in the compo-
sition. The EDAX elemental composition detailed that Ti with
35.3%, O with 41.8% and C with 21.4%; indicating the greater
percentage of oxygen with Ti and small amount of carbon is
an additional for green synthesis which predominantly affirms
that green synthesized nanoparticles are covered with capping/
stabilizing agents to avoid any further agglomeration when
exposed to normal atmosphere [25].

Sensor device fabrication: The schemactic illustration
of sensor device fabrication is depicted in Fig. 4a and the final
view of sensing device with 2 cm x 2 cm as can be seen in Fig.
4b. The n-type Si wafer (SSP) of 2-inch (dia) having resistivity
of 0.01-0.02 Qcm (low) was utilized for the gas sensor fabri-

Adsorption (%)

0 4 I ' I v 1 4 1 4 I 4 1 ! 1 . o e,e . o el
4000 3500 3000 2500 2000 1500 1000 500 cation process as initial step. The Si wafer was initially cleaned
Wavelength (cm™) using RCA (Radio Corporation of America) process which
Fig. 2. FTIR profile obtained for the TiO, NPs synthesized from aqueous generally follows substrate cleaning ultrasonically with
extract of Ficus benghalensis leaves deionized water followed by ethanol wash for 5 min and then
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Fig. 3. Data obtained from SEM-EDAX studies of green synthesized TiO, NPs: SEM images at different magnifications: (a) and (b); EDAX
spectrum of as-synthesized TiO, NPs (c) and elemental composition recorded as presented in the table (d)
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Fig. 4.

(a) Fabrication process flow of thin film gas sensor, (b) Overview
of sensing device structure

isopropyl alcohol for 5 min to remove any sort of organic conta-
minations. The cleansed Si substrate was dried at 90 °C on hot
plate to remove water vapours or droplets present after the
substrate wash [26].

TiO, nanoparticles as-synthesized was spun using spin
coater with 2-stage ramp of various rotational speed of 500
rpm for 15 s and 1500 rpm for 30 s and further the substrate
was annealed at 120 °C for 45 min. The thin film layer (~ 100
nm) of TiO, nanoparticles was confirmed usimg profilometer
studies. The as-incorporated TiO, nanoparticles in a solution
form was prepared prior to the spin-coat by adding 5 mg of
as-synthesized TiO, nanoparticles in 5 mL of ethanol (1:1 ratio),
which is orthogonal solvent. The contact electrodes Au (~ 60
nm thickness) were deposited (RF magnetron sputtering) using
physical mask at 10°mBar [27]. Platinum resistor for heater
was deposited onto the surface (back) of the film (as-deposited)
over Si substrate with sputtering (RF magnetron). The side of Pt
(1 um thickness) deposition was used heating coil which plays
vital role in sensing mechanism. The sensing device with 2 cm x
2 cm size was finally ready to be tested with analyte (Fig. 4b)
and the detection of methanol was affirmed by I-V measurements
performed on the as-fabricated thin film gas sensor.

Sensing device characterization: In this work, the sensor
is designed over n-type Si substrate with Pt base heating coil
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and TiO, nanoparticles as active layer for the detection of
methanol and the sensitivity of the sensor exposed to the mea-
surements purely depend upon resistivity values with varying
temperatures from 50-200 °C for different concentration level
of methanol (250, 500 and 1000 ppm) respectively (Fig. 5a-b).
The sensor showed excellent sensing characteristics at working
temperature of 100 °C as compared to that of 50, 150 and 200 °C
when exposed to various concentrations as depicted. The sensi-
tivity (average) per ppm (sensitivity/ppm) of sensor designed
was found to be excellent. The resistance rapidly increased
when methanol was introduced at different concentrations at
different temperatures whereas there was rapid decrease when
in the absence of methanol indicating the pure sign of detection
by varying the electrical characteristics in terms of electrical
conducitivity or resistance. The process was repeated for more
than 5 times to confirm the reproducibility of sensor device
and results affirmed the same behaviour as earlier.

Methanol sensing mechanism: The gas sensing behaviour
of the as-fabricated thin film device can be detailed in two
different junctures. Firstly, the oxygen adsorption over the
sensing device is considered and secondly, the reaction between
adsorbed oxygen and the testing analyte over the sensing thin
film is considered. The adsorbed oxygen molecules in ambient
air gets trapped by electrons from the conduction band of sensing
film active media (oxide surface), which further cause reduction
at the surface in electron concentration. The methanol mole-
cules are generally regarded as electron rich reducing agent
which leads to the large electron transfer. The TiO- thin film
interact upon exposure to methanol donating electron e~ to
the device interface leading to the reduction of barrier height
and change in the electrical conductivity [28-30]. In present
work, the sensor behaviour is dependent on temperature, when
the analyte is exposed at operating temperature the change in
electrical conductivity is maximum beyond the operating
temperature change in electrical conductivity is minimum. The
response may be attributed to the interaction between the adsor-
ption and desorption of chemi-sorbed, which confirmed the
temperature dependent behaviour of the designed sensing device.
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Fig. 5. Gas-sensing characteristics: (a) transient resistance vs. time; (b) transient response of the sensor for 500 ppm at 100 °C
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Conclusion

The green TiO, nanoparticles based thin film sensor for
methanol detection has been designed with much economical
ways creating the space for new generation of sensors using
green nanomaterials promising much better sensitivity and
selectivity. The present focuses on green route synthesized
TiO, describing their unique properties, which were portrayed
using various analytical instruments confirming the material
characteristics in nanometer range as confirmed by XRD,
FTIR, SEM and EDAX. Furthermore, the material was utilized
in the detection of methanol by fabricating thin film sensing
device to study the change in resistance or electrical conduc-
tivity under various temperatures as aforementioned. The
sensing device demonstrated that the methanol detection at
100 °C showed a great response affirming the lowest working
temperature of sensor evidencing the green TiO, nanoparticles
with greater sensing capability. The reproducibility of the device
was potrayed with same sensing behaviour for multiple tests
carried out exploring the derth for wide range of applications
in the field of electronics.

ACKNOWLEDGEMENTS

The authors are grateful to Rajiv Gandhi Institute of
Technology for providing the research environment with
necessary resources and Dr. Sandeep Surya for his fruitful
discussions throughout the research.

CONFLICT OF INTEREST

The authors declare that there is no conflict of interests
regarding the publication of this article.

REFERENCES

1.  R. Abdel-Karim, Y. Reda and A. Abdel-Fattah, J. Electrochem. Soc.,
167, 037554 (2020);
https://doi.org/10.1149/1945-7111/ab67aa

2. J. Jeevanandam, A. Barhoum, Y.S. Chan, A. Dufresne and M.K.
Danquah, Beilstein J. Nanotechnol., 9, 1050 (2018);
https://doi.org/10.3762/bjnano.9.98

3. S.G.Surya, B.S.N. Ashwath, S. Mishra, K. A.R.B, A.B. Sastry, P. B.L.v,
D. Rangappa and V.R. Rao, Sens. Actuators B Chem., 235, 378 (2016);
https://doi.org/10.1016/j.snb.2016.05.096

4. A.Narayana, S.A. Bhat, A. Fathima, S.V. Lokesh, S.G. Surya and C.V.
Yelamaggad, RSC Adyv., 10, 13532 (2020);
https://doi.org/10.1039/DORA00478B

5. M. Chung, G. Fortunato and N. Radacsi, J.R. Soc. Interface, 16,20190217
(2019);
https://doi.org/10.1098/rsif.2019.0217

6. Z.Liu, S.Li, G. Ge, Y. Li, C. Zhao, H. Zhang and Z. Yang, RSC Adv.,
9, 5377 (2019);
https://doi.org/10.1039/C8RA 10036E

7. N.Ashwath, S.U. Kumar, N. Tarannum and S.V. Lokesh, Sensors Lett.,
17, 581 (2019);
https://doi.org/10.1166/s1.2019.4113

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

H. Lu, L. Xiong, H. Liu, M. Yu, Z. Shen, F. Li and X. You, Org. Biomol.
Chem., 7, 2554 (2009);

https://doi.org/10.1039/6902912¢

K.P. Gattu, K. Ghule, A.A. Kashale, V.B. Patil, D.M. Phase, R.S. Mane,
S.H. Han, R. Sharma and A.V. Ghule, RSC Adv., 5, 72849 (2015);
https://doi.org/10.1039/C5RA13513C

A. Narayana, N. Tarannum, M.S. Shaik, B.N. Shobha, R.M. Sundar
and S.V. Lokesh, Adv. Mater. Res., 1159, 67 (2020);
https://doi.org/10.4028/www.scientific.net/ AMR.1159.67

S. Kim, H. Park, S. Choo, S. Baek, Y. Kwon, N. Liu, J.Y. Yang, C.-W.
Yang, G. Yoo and S. Kim, Commun Mater., 1, 86 (2020);
https://doi.org/10.1038/s43246-020-00086-y

V.N. Kalpana and R.V. Devi, Bioinorg. Chem. Appl., 2018, 3569758
(2018);

https://doi.org/10.1155/2018/3569758

S. Iravani, Green Chem., 13, 2638 (2011);
https://doi.org/10.1039/c1gc15386b

N.M. Noabh, J. Nanomater., 2020, 8855321 (2020);
https://doi.org/10.1155/2020/8855321

G. Balanagireddy, A. Narayana and M. Roopa, Asian J. Chem., 33, 31
(2020);

https://doi.org/10.14233/ajchem.2021.22908

S. Sungur, Handbook of Nanomaterials and Nanocomposites for Energy
and Environmental Applications, pp. 1-18 (2020).

N. Chen, D. Deng, Y. Li, X. Liu, X. Xing, X. Xiao and Y. Wang, Sci.
Rep., 7692, 1 (2017);

https://doi.org/10.1038/s41598-017-08074-y

L. Xie, Z. Li, L. Sun, B. Dong, Q. Fatima, Z. Wang and A.A. Haidry,
Front. Mater., 6, 184 (2019);
https://doi.org/10.3389/fmats.2019.00184

K. Indira, U.K. Mudali, T. Nishimura and N. Rajendran, J. Bio
Tribocorros., 1, 28 (2015);
https://doi.org/10.1007/s40735-015-0024-x

N. Asim, S. Ahmadi, M.A. Alghoul, FY. Hammadi, K. Saeedfar and
K. Sopian, Int. J. Photoenergy, 2014, 518156 (2014);
https://doi.org/10.1155/2014/518156

F. Mironyuk, L.M. Soltys, T.R. Tatarchuk and K.O. Savka, Phys. Chem.
Solid State, 21, 462 (2020);
https://doi.org/10.15330/pcss.21.3.462-477

H. Zhang, X. Wang, N. Li, J. Xia, Q. Meng, J. Ding and J. Lu, RSC
Adv., 8, 34241 (2018);

https://doi.org/10.1039/C8RA06681G

S. Bagheri, K. Shameli and S.B. Abd Hamid, J. Chem., 2013, 848205
(2013);

https://doi.org/10.1155/2013/848205

F. Faghihzadeh, N.M. Anaya, L.A. Schifman and V. Oyanedel-Craver,
Nanotechnol. Environ. Eng., 1, 1 (2016);
https://doi.org/10.1007/s41204-016-0001-8

J. Singh, T. Dutta, K.-H. Kim, M. Rawat, P. Samddar and P. Kumar, J.
Nanobiotechnology, 16, 84 (2018);
https://doi.org/10.1186/s12951-018-0408-4

T. Dey and D. Naughton, J. Sol-Gel Sci. Technol., 77, 1 (2016);
https://doi.org/10.1007/s10971-015-3879-x

M. Letiche, M. Hallot, M. Huvé, T. Brousse, P. Roussel and C. Lethien,
Chem. Mater., 29, 6044 (2017);
https://doi.org/10.1021/acs.chemmater.7b01921

M.T. Greiner and Z.-H. Lu, NPG Asia Mater., 5, €55 (2013);
https://doi.org/10.1038/am.2013.29

S.W. Lee, J.M. Kim, W. Park, H. Lee, G.R. Lee, Y. Jung, Y.S. Jung and
J.Y. Park, Nat. Commun., 12, 40 (2021);
https://doi.org/10.1038/s41467-020-20293-y

A. Ruiz Puigdollers, P. Schlexer, S. Tosoni and G. Pacchioni, ACS
Catal., 7, 6493 (2017);

https://doi.org/10.1021/acscatal.7b01913




