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1. A novel temperature sensor was fabricated with CuTsPc based electrolytic fluid.

2. TiO2 nanoparticles have been added to enhance the sensitivity of the device.

90

3. Combination of CuTsPc and TiO; showed strong temperature dependence on the

capacitance.

4. The hybrid electrolytic based device enhanced the performance of the sensor.

Abstract

This work demonstrates a highly efficient electrochemical cell based on the hybrid nanofluid of

titanium dioxide (TiO2) nanoparticles dispersed in a water-based copper (II) phthalocyanine-
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tetrasulfonic acid tetrasodium salt (CuTsPc) solution. A chemical cell of ITO/nanofluid/ITO has
been fabricated to study the effect of temperature variations towards its capacitance and resistance.
The resultant device possessed capacitive sensing mechanism, and the synergistic hybridization
of the two different sensing elements lead to the superior performance as compared to the single
CuTsPc based device. The hybrid device outperformed the pristine CuTsPc based device in terms

of sensitivity, stability, linearity, response/recovery and possessed narrow hysteresis loop.

Keywords: Temperature, nanofluid CuTsPc, Ti0O., capacitive sensor.

1. Introduction

Organic-based sensors have been immensely researched due to their realization in next
generation flexible electronic modules, compatibility with large-scale production, low cost and
light weight [1, 2]. Various kinds of chemical and physical sensors have been developed for a

variety of applications such as detection of temperature [3], glucose [4], humidity [5], pressure [6],



light intensity [7] and gas sensing [8]. Among the aforementioned sensors, heat is an important
parameter that is often measured. Temperature measurement is equally essential for the humans
and the other living species as well as the industry, transportation and the agriculture efc [9, 10].
Therefore, it has a lot of potential applications such as electronic health monitoring and detecting
human body temperatures etc. [11]. These organic temperature sensors operate at low temperatures
typically upto 100 °C, making them highly suitable for low temperature applications.

In this context, electrochemical sensors based on organic compounds such as porphyrins,
porphyrazines and phthalocyanines have been reported for their potential applications in
electronics [ 12-14]. In our recent works, we used phthalocyanine (Pc) that is a well-known material
and has many derivatives with diverse properties [15]. Nickel (II) phthalocyanine-tetrasulfonic
acid tetrasodium salt (N1TSPc) and copper (II) phthalocyanine-tetrasulfonic acid tetrasodium salt
(CuTsPc) were used as an electrolytic solution in the electrochemical temperature sensors [3, 16].
In the later mentioned sensor i.e. CuTsPc based electrolyte, it was realized that the sensor was
more suitable to be employed as a resistive temperature sensor. However, it lacks in response time
for the use in the real temperature sensing applications. This might be attributed to the resistance
limitation of the aqueous solution towards the change of temperature. Moreover, the design
structure of this sensor device was constructed according to parallel-plate model, which tends to
facilitate the change of other electronic variables, such as capacitance, rather than resistance.
Consequently, it puts a restriction to the sensor’s sensitivity in the resistive mode. Therefore,
further improvement was needed to improve the sensing mechanism as well as sensing parameters.
The possible solution to circumvent the performance constraints associated with the organic
compound as a single material, is through the introduction of nanocomposites based on organic-

inorganic hybrids.



However, it is important to understand the characteristics of an ideal sensor and
significance of nanocomposite materials in the sensor's technology. An ideal sensor should possess
excellent sensitivity and stability, short response/recovery time, low hysteresis, broader sensing
range and the low cost [17, 18]. Several nanomaterials such as metal oxides, carbonaceous and
organic materials as well as their composites are considered interesting candidates exhibiting
remarkable performance in sensing applications [18, 19]. The properties of the nanomaterials can
be potentially altered after doping with different materials and performance of the resultant
composite based device can be remarkably enhanced. For instance, Chani et al. [20] fabricated a
temperature sensor based on CNTs-silicon nanocomposite and the resultant sensor showed
excellent sensitivity. Similarly, Guo ef al. [10] demonstrated a low-temperature NO> gas-sensor
based on polythiophene-WO3 organic-inorganic composite that possesses very good selectivity
and high response. In addition, a lot of work has been done in recent years to develop high
performance temperature sensors based on different materials and technologies [21-23]. For
instance, Xiaochen ef al. [24] demonstrated an organic low operating power temperature sensor
typically operating below 4 V and the resultant device showed excellent performance. In another
study by Myeonghun et al. [25], a flexible organic field effect transistors (OFET) temperature
sensor typically operating between 25-100 °C, and based on polymeric channel and gate-insulating
layers has been demonstrated. The resultant device showed very stable performance that can be
attached to the human finger to sense not only the human body temperature but also the
surrounding objects. Hence, making it suitable for a variety of applications such as medical
instruments, artificial skins for humanoid robots and surveillance systems etc. Further in this
context, Xiaochen et al. [11] presented an organic temperature sensor based on metal-organic

(silver NPs- pentacene) thermistor and an OFET. The device showed very strong temperature



dependence in the resistance. Owing to the importance of the nanomaterials and nanocomposites in the
sensing applications, the current work is expected to yield excellent results due to synergy of the organic-

inorganic hybrid materials in a sensor.

Metal oxides owing to their excellent mechanical, chemical and electronic properties as
well as their known and facile synthesis routes, when combined with organic compounds are
expected to improve the sensing properties of such devices [13, 26]. Particularly, titanium dioxide
(T102) has received great attention due to its diverse sensing applications including gas sensors
[27], optical sensors [28], environmental sensors [29] and temperature sensors [30, 31]. Besides,
it has several inherent advantages such as it is nontoxic, biocompatible, photo-corrosion free and
cost effective which makes it an ideal candidate for a range of applications [32, 33]. The synergistic
hybridization of TiO; and CuTsPc to yield an electrolytic fluid is expected to overcome the
disadvantages of any of the individual materials and enhance the overall performance of the device.

In this work, a novel electrochemical cell that detect variation of low temperature, based
on the integration of metal oxide (TiOy) into an organic electrolytic nanofluid is presented. The
sensor demonstrated a strong capacitance dependence on temperature in CuTsPc solution with the
addition of TiO; nanoparticles (NPs). By adding TiO; NPs into the CuTsPc organic solution, the
sensing mechanism of the sensor changed to capacitive sensing as compared to the pristine cell
that originally possessed the resistive sensing. Moreover, the new capacitive based sensor showed
a remarkable increase in the sensitivity with a wide range in the capacitance values, significantly
small hysteresis, and very good response/recovery time, thus making it very efficient to measure
low temperatures with excellent sensitivity. The present work suggests a simple, facile and large
scale compatible method to demonstrate the potential of metal oxide/ organic electrolytic materials

in the future development of highly sensitive sensors for low temperature applications.



2. Experimental Section

Both CuTsPc (988.28 g/mol molecular weight) and TiO2> NPs were purchased from Sigma-
Aldrich. Optimization of CuTsPc aqueous solution and the cell fabrication were carried out
according to our previously reported work [3]. Particularly, the metal oxide-organic electrolytic
nanofluid was prepared by mixing Smg of TiO2 NPs into the 0.06 wt. % CuTsPc aqueous solution
and stirred for a day. The cell that has been used as temperature sensor in this work, was fabricated
using silica glass in which two inner walls were facing each other at 7mm distance, and the inner
surfaces were coated with indium tin oxide (ITO). The active area of each electrode was 140 mm?
with a sheet resistance of around 10 €)/o. The dimensions of the sensors were measured to be about
7 mm x 7 mm x 20 mm (width x length x height) that were filled with 1 mL of CuTsPc-TiO;
electrolytic nanofluid. A reference sensor (cell) has also been fabricated by using CuTsPc aqueous
solution as an active agent. The schematic diagram of the sensor is presented in Figure 1: (a)
reference cell, and (b) CuTsPc-TiO2 nanofluid based temperature sensor. The micrograph of
TiO;NPs shown in Figure 1 was taken by field emission scanning electrons microscope (Hitachi,
SU8220 SEM).

For the sensing characterization and cell calibration, a type-K thermocouple probe was
placed into the CuTsPc-T10; nanofluid as a temperature calibrator during the measurement of both
resistance and capacitance against the temperature variations. The values of both resistance and
capacitance were recorded simultaneously using an LCR meter (GW Instek 829) at 1 KHz
frequency. The experiments were repeated several times to ensure the reproducibility. A very

stable sensing-ability was observed with maximum +1% variation.



3. Results and Discussion

In this work, a simple solution processed temperature sensor has been fabricated by using
a composite nanofluid of CuTsPc and TiO; as an electrolyte. Further, it is compared with single
CuTsPc based sensor (reference sensor) on merits of response/recovery, sensitivity, capacitance
and resistivity. The composite sensor largely varies in terms of sensor mechanism where its
sensitivity shifted from resistive based sensitivity to the capacitance based sensitivity. Thus, the
resultant sensor is suitable as a capacitive temperature sensor as compared to the reference device
that is more suitable to be employed as a resistive temperature sensor [3]. Moreover, it is
noteworthy that the capacitive sensing mechanism of both the CuTsPc based sensor (reference
sensor) and the mixed CuTsPc-TiO> is based on synergetic effect of the temperature dependence
of dielectric constants of both materials. The capacitance change of the organic electrolyte
(CuTsPc) has already been discussed in reference [3]. It was described that the capacitance of the
electrolyte is determined by the total ionic strength of the solution and mobility of these ions within
the aqueous solution, which induces the dielectric constant change with various temperatures.
Based on the measurements, it is envisaged that the dielectric constant of the organic electrolyte
increases as the temperature increases, inducing higher capacitance. Adding TiO, NPs will
enhance this effect, which has outperformed the single CuTsPc based in terms of capacitive

sensitivity, as evident in our results too. The schematic of the current work is shown in Figure 1.
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Figure 2 shows the normalized capacitance and resistance as a function of temperature
(°C) for reference and composite sensors. The sensitivity of the sensors in both capacitive and
resistive outputswas obtained by the following equation (1) and (2):

Sc=4C/T (1)

Sk =AR/T (2)
Where 4C, AR, and T are capacitance change, resistance change and temperature values,
respectively.

The change of capacitance and resistance has been measured in both the directions, i.e.
during the increase and decrease of the temperature, as shown in Figure 2. Almost all of the
recorded parameters intersect at particular point of temperature as it increased or decreased. This
indicates very excellent hysteresis, as very slight deviation is observed in only few points while
most of the recorded parameters perfectly intersected. At the same time, a very good linearity has
been obtained especially, in the capacitance-temperature relationship plot containing CuTsPc-TiO;
nanofluid, as shown in Figure 2¢. The capacitive linearity of CuTsPc-TiO; cell is observed to be
better than that of the resistive mode, and better than the linearity of reference cell in both modes.
The observed improvement in the linearity with temperature elevation is attributed to the inclusion
of TiO;NPs in the electrolytic fluid. Thus, the cell with the CuTsPc-TiO; showed relatively
superior performance with the best hysteresis and linearity, simultaneously.

Moreover, Table 1a shows the sensivity parameters as the function of change in
temperature. Both variants of sensor show small values in terms of resistive sensitivity, however,
the capacitive sensitivity has largely improved for CuTsPc-TiO; based composite sensor that is

approximately five times more sensitive than the reference sensor cell containing only CuTsPc
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aqueous solution. It is thus evident from the results that the composite sensor has outperformed its

pristine CuTsPc based counterpart on account of capacitive based sensitivity.
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Table 1: (a) Capacitive and resistive sensitivities for reference and CuTsPc-TiO>composite

based sensors. (b) Response/recovery times for the CuTsPc-TiO; temperature sensor.

(a)
Sensors Capacitive sensitivity Resistive sensitivity
+ 0.002(nF / °C) +0.002(k2/°C)
Reference sensor 1.064 0.230
CuTsPc-TiOz2 sensor 5.548 0.098

(b)

CuTsPc-TiO:2 Sensor

Response time (s) = 2s Recovery time (s) = 2s

Capacitive output

Resistive output

8
20

15
50

The potential of the CuTsPc-TiO> composite based sensor was further evaluated in terms

of response and recovery. Figure 3a and b depict the resistive (with normalized resistance at

response’s initial 10 kQ) and capacitive (with normalized capacitance at recovery’s initial 773 nF)

modes, respectively. The cell exhibited very stable response/recovery behaviour and has given a

rapid output in capacitive mode compared to its resistance measurements. The values of response

and recovery time for both the cases are presented in Table 1b.

Here, the capacitive output value is much relevant for the temperature sensing applications

typically below 100 °C, as it shows a reliable and consistent response/recovery time including a

good sensitivity and a linear change in the capacitance as a function of change in temperature.

Thus, the cell containing CuTsPc-TiO2 nanofluid is very suitable to be applied as a capacitive

temperature sensor in the range below 100 °C.
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Table 2:Comparison between the sensor with and without Ti0>

Sensor (type) Response time (s) Recovery time (s) Reference
CuTsPc (Resistive) 20 30 [3]
CuTsPc-TiO: (Capacitive) 8 15 Current work

3.1 Mechanistic study on the effect of TiO2 NPs on the temperature sensing
mechanism
With regards to the capacitive sensing mechanism of this device, it is proposed that the
permittivity of TiO, NPs changes upon temperature variations. According to what has been
described in references [34-36], there is a general trend that the relative permittivity increases as

temperature rises for TiO2. Following the definition of the parallel plate capacitor (Equation 3)

where ¢ 1s the relative permittivity, &, is the permittivity of vacuum, 4 is overlapping area, and d
i1s the distance between the two plates), it is reasonable to deduce that the capacitance is
proportional to the permittivity, which matches with the experimental observations in Figure 2.
Moreover, it is noteworthy that owing to the fact that the results of the current work show very
small hysteresis, indicating there is no chemical reaction or interaction between materials in the
solution. The sensing mechanism is mainly based on the temperature dependence of the dielectric
constant of TiO2, which determines the capacitance based on equation 3. According to references
[34-36], rising temperature will increase the dielectric constant, hence increasing the capacitance,

which agrees with the experimental results.
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In addition to the above mentioned correlation between the capacitance and permittivity as
defined by eq. 3, the improved performance of the CuTsPc-TiO2 composite electrolytic based
temperature sensor is attributed to several other factors. Firstly, the TiO2 NPs, owing to their high
thermal stability, possess significant thermal effect on the carrier concentration and efficiency of
the luminescence, which is highly desirable for temperature sensors [30]. Secondly, the increased
sensitivity of the device is also attributed to the enhanced surface area caused by the inclusion of
these NPs into the CuTsPc electrolytic solution [37]. In addition, distribution of TiO, NPs acted as
an efficient interconnect (bridge) among the neighboring CuTsPc organic matrix which ultimately
enhanced flow of electrons via hoping and hence it increased the electrons mobility, as a result the
resistance has significantly reduced as evident in our results too. Further, it also leads to relatively
faster response/recovery time because of higher carrier mobility of TiO2 NPs [38]. Moreover, TiO>
possesses higher relative sensitivities over a wide temperature range and very good temperature
resolution [39]. Thus, the increased sensing response can be attributed to the synergistic effect of

both TiO; and CuTsPc nanocomposite which remarkably improved the performance index.

4. Conclusions

In conclusion, we have successfully demonstrated a highly efficient electrochemical cell,
worked as a low temperature sensor, based on CuTsPc organic electrolytic solution mixed with
T10, metal oxide, which showed strong temperature dependence on capacitance. By integrating
the TiO2NPs into the organic electrolytic solution, the sensitivity of the cell transformed into the
capacitive sensitivity from originally the resistive sensitivity (as shown by reference cell). As a
result, the capacitive sensitivity increased from 1.064 nF/°C to 5.548 nF/°C. Similarly,

response/recovery time significantly improved from 20/50 sec in the resistive mode to 8/15 sec in
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capacitive mode. The composite sensor also showed very good linearity and least hysteresis. Such
devices are appropriate to use for low-temperature applications with higher sensitivity and

accuracy.

Acknowledgement

This research work is supported by the High Impact Research (HIR) grant
UM.S/625/3/HIR/MoE/SC/26 with account number UM.0000080/HIR.C3 from the Ministry of
Education, Malaysia. We would also like to thank the Solar Photovoltaic Academic Research
Consortium II (SPARC II) project, funded by the WEFO (Welsh European Funding Office) for

support.

References

[1] K. Myny, S. Steudel, S. Smout, P. Vicca, F. Furthner, B. van der Putten, A.K. Tripathi, G.H.
Gelinck, J. Genoe, W. Dehaene, Organic RFID transponder chip with data rate compatible
with electronic product coding, Organic Electronics, 11 (2010) 1176-1179.

[2] K. Nakayama, B.-S. Cha, Y. Kanaoka, N. Isahaya, M. Omori, M. Uno, J. Takeya, Organic
temperature sensors and organic analog-to-digital converters based on p-type and n-type
organic transistors, Organic Electronics, 36 (2016) 148-152.

[3] S.M. Abdullah, Z. Ahmad, K. Sulaiman, A solution-based temperature sensor using the organic
compound CuTsPc, Sensors, 14 (2014) 9878-9888.

[4] X. Ji, P.K. Chan, Highly Sensitive Glucose Sensor Based on Organic Electrochemical

Transistor with Modified Gate Electrode, Biosensors and Biodetection: Methods and

16



Protocols, Volume 2: Electrochemical, Bioelectronic, Piezoelectric, Cellular and Molecular
Biosensors, (2017) 205-216.

[5] M. Sajid, S. Aziz, G.B. Kim, S.W. Kim, J. Jo, K.H. Choi, Bio-compatible organic humidity
sensor transferred to arbitrary surfaces fabricated using single-cell-thick onion membrane as
both the substrate and sensing layer, Scientific reports, 6 (2016) 30065.

[6] T. Someya, Y. Kato, T. Sekitani, S. Iba, Y. Noguchi, Y. Murase, H. Kawaguchi, T. Sakurai,
Conformable, flexible, large-area networks of pressure and thermal sensors with organic
transistor active matrixes, Proc. Natl. Acad. Sci. U. S. A., 102 (2005) 12321-12325.

[7] X. Tong, S.R. Forrest, An integrated organic passive pixel sensor, Organic Electronics, 12
(2011) 1822-1825.

[8] P. Kubersky, T. Syrovy, A. Hamacek, S. NeSptrek, J. Stejskal, Printed flexible gas sensors
based on organic materials, Procedia Engineering, 120 (2015) 614-617.

[9] M.T.S. Chani, A.M. Asiri, K.S. Karimov, A.K. Niaz, S.B. Khan, K.A. Alamry, Aluminium
phthalocyanine chloride thin films for temperature sensing, Chinese Physics B, 22 (2013)
118101.

[10] R. Megha, F.A. Ali, Y. Ravikiran, C. Ramana, A.K. Kumar, D. Mishra, S. Vijayakumari, D.
Kim, Conducting polymer nanocomposite based temperature sensors: A review, Inorganic
Chemistry Communications, (2018).

[11] X. Ren, P.K. Chan, J. Lu, B. Huang, D.C. Leung, High dynamic range organic temperature
sensor, Advanced Materials, 25 (2013) 1291-1295.

[12] M. Saleem, M.H. Sayyad, K.S. Karimov, M. Yaseen, M. Ali, Cu (II) 5, 10, 15, 20-tetrakis (4'-
isopropylphenyl) porphyrin based surface-type resistive—capacitive multifunctional sensor,

Sensors and Actuators B: Chemical, 137 (2009) 442-446.

17



[13] R.A. Timm, M.P. Falla, M.F. Huila, H.E. Peres, F.J. Ramirez-Fernandez, K. Araki, H.E.
Toma, Vanadium oxide-porphyrin nanocomposites as gas sensor interfaces for probing low
water content in ethanol, Sensors and Actuators B: Chemical, 146 (2010) 61-68.

[14] F. D’Souza, O. Ito, Supramolecular donor—acceptor hybrids of porphyrins/phthalocyanines
with fullerenes/carbon nanotubes: electron transfer, sensing, switching, and -catalytic
applications, Chemical Communications, (2009) 4913-4928.

[15] J.E. Downes, C. McGuinness, P.-A. Glans, T. Learmonth, D. Fu, P. Sheridan, K.E. Smith,
Electronic structure near the Fermi level of the organic semiconductor copper phthalocyanine,
Chemical physics letters, 390 (2004) 203-207.

[16] Z. Ahmad, S.M. Abdullah, K. Sulaiman, Temperature-sensitive chemical cell based on Nickel
(IT) phthalocyanine-tetrasulfonic acid tetrasodium salt, Sensors and Actuators A: Physical,
179 (2012) 146-150.

[17] S.B. Khan, M.T.S. Chani, K.S. Karimov, A.M. Asiri, M. Bashir, R. Tariq, Humidity and
temperature sensing properties of copper oxide—Si-adhesive nanocomposite, Talanta, 120
(2014) 443-449.

[18] S.B. Khan, K.S. Karimov, M.T.S. Chani, A.M. Asiri, K. Akhtar, N. Fatima, Impedimetric
sensing of humidity and temperature using CeO2—-Co304 nanoparticles in polymer hosts,
Microchimica Acta, 182 (2015) 2019-2026.

[19] M. Faisal, S.B. Khan, M.M. Rahman, A. Jamal, A.M. Asiri, M. Abdullah, Smart chemical
sensor and active photo-catalyst for environmental pollutants, Chemical Engineering Journal,

173 (2011) 178-184.

18



[20] M.T.S. Chani, A.M. Asiri, K.S. Karimov, M. Bashir, S.B. Khan, M.M. Rahman, Carbon
nanotubes-silicon nanocomposites based resistive temperature sensors, Int. J. Electrochem.
Sci, 10 (2015) 3784-3791.

[21] A. Ukil, H. Braendle, P. Krippner, Distributed Temperature Sensing: Review of Technology
and Applications, IEEE Sensors Journal, 12 (2012) 885-892.

[22] C. Wang, S. Akbar, M. Madou, Ceramic based resistive sensors, Journal of electroceramics,
2 (1998) 273-282.

[23] B. Oertel, T. Hiibert, D. Heinze, U. Banach, Capacitive sensor system for measurement of
temperature and humidity, Fresenius' journal of analytical chemistry, 349 (1994) 391-393.
[24] X. Ren, K. Pei, B. Peng, Z. Zhang, Z. Wang, X. Wang, P.K. Chan, A Low-Operating-Power
and Flexible Active-Matrix Organic-Transistor Temperature-Sensor Array, Advanced

Materials, 28 (2016) 4832-4838.

[25] M. Song, J. Seo, H. Kim, Y. Kim, Flexible thermal sensors based on organic field-effect
transistors with polymeric channel/gate-insulating and light-blocking layers, ACS Omega, 2
(2017) 4065-4070.

[26] M.T.S. Chani, K.S. Karimov, A.M. Asiri, N. Ahmed, M.M. Bashir, S.B. Khan, M.A. Rub, N.
Azum, Temperature gradient measurements by using thermoelectric effect in CNTs-silicone
adhesive composite, PloS one, 9 (2014) €95287.

[27] M.-H. Seo, M. Yuasa, T. Kida, J.-S. Huh, N. Yamazoe, K. Shimanoe, Detection of organic
gases using Ti02 nanotube-based gas sensors, Procedia Chemistry, 1 (2009) 192-195.

[28] M. Faisal, A.A. Ismail, F.A. Harraz, H. Bouzid, S. Al-Sayari, A. Al-Hajry, Mesoporous TiO
2 based optical sensor for highly sensitive and selective detection and preconcentration of Bi

(IIT) ions, Chemical Engineering Journal, 243 (2014) 509-516.

19



[29] X. Li, B. Xia, C. Liu, Y. Yang, H. Tang, TiO2-Based Nanomaterials for Advanced
Environmental and Energy-Related Applications, Journal of Nanomaterials, 2016 (2016).
[30] H. Lu, Z. Tian, H. Yu, B. Yang, G. Jing, G. Liao, J. Zhang, J. Yu, J. Tang, Y. Luo, Optical
fiber with nanostructured cladding of TiO 2 nanoparticles self-assembled onto a side polished

fiber and its temperature sensing, Optics express, 22 (2014) 32502-32508.

[31] T. Pan, W. Cao, M. Wang, TiO2 thin film temperature sensor monitored by smartphone,
Optical Fiber Technology, 45 (2018) 359-362.

[32] J. Bai, B. Zhou, Titanium dioxide nanomaterials for sensor applications, Chemical reviews,
114 (2014) 10131-10176.

[33] A. Ghicov, P. Schmuki, Self-ordering electrochemistry: a review on growth and functionality
of TiO 2 nanotubes and other self-aligned MO x structures, Chemical Communications,
(2009) 2791-2808.

[34] N. Sriharan, N. Muthukumarasamy, T.S. Senthil, Preparation and Characterization of AI203
Doped TiO2 Nanocomposites Prepared from Simple Sol-Gel Method, in: Zeitschrift fiir
Physikalische Chemie, 2016, pp. 1745.

[35] B.P. Mandal, P. Anithakumari, S. Nigam, C. Majumder, M. Mohapatra, A.K. Tyagi,
Enhancement of dielectric constant in a niobium doped titania system: an experimental and
theoretical study, New J Chem, 40 (2016) 9526-9536.

[36] D.M.D.M. Prabaharan, K. Sadaiyandi, M. Mahendran, S. Sagadevan, Structural, Optical,
Morphological and Dielectric Properties of Cerium Oxide Nanoparticles, Materials Research,

19 (2016) 478-482.

20



[37] H.G. Moon, H.W. Jang, J.-S. Kim, H.-H. Park, S.-J. Yoon, Mechanism of the sensitivity
enhancement in TiO2 hollow-hemisphere gas sensors, Electronic Materials Letters, 6 (2010)
135-139.

[38] D. Acharyya, P. Bhattacharyya, Highly Efficient Room-Temperature Gas Sensor Based on
TiO 2 Nanotube-Reduced Graphene-Oxide Hybrid Device, IEEE Electron Device Letters, 37
(2016) 656-659.

[39] M.G. Nikoli¢, 7. Anti¢, S. Culubrk, J.M. Nedeljkovi¢, M.D. Dramicanin, Temperature

sensing with Eu 3+ doped TiO 2 nanoparticles, Sensors and Actuators B: Chemical, 201

(2014) 46-50.

21



Author's biographies

Shahino Mah Abdullah completed his B.Sc. and PhD degrees in Physics from the
University of Malaya, Malaysia. He joined the Low Dimensional Materials Research Centre at
Department of Physics, the University of Malaya as a postdoctoral research fellow since 2016. His
research interests encompass fabrication of electrochemical and organic semiconducting devices
including solar cells, field-effect transistors, and physical sensors.

Saqib Rafique is currently working as the postdoctoral research fellow at the
Multidisciplinary Nanotechnology Centre, College of Engineering, Swansea University, United
Kingdom. He obtained his PhD in Experimental Physics from the University of Malaya, Malaysia
and MSc. in Microtechnology, from Chalmers University of Technology, Goteborg, Sweden. His
research is focused on device engineering, fabrication, characterization and fundamental physics
of organic-inorganic hybrid devices for energy storage and harvesting, and sensing applications.
Moreover, he also have proven track record of laboratory management and advanced
instrumentation experience including hands on expertise on several fabrication and
characterization equipment.

Khairus Syifa Hamdan received her BSc. and Ph.D. in Physics from the University of
Malaya. Her research works encompasses the study of plasmonic effect in metallic nanoparticles,
the fabrication of hybrid solar cells and physical sensors. Currently, she served as postdoctoral
research fellow at the University of Malaya Power Energy Dedicated Advanced Centre
(UMPEDAC).

Nur Adilah Reslan has graduated in Physics from University of Malaya, Malaysia in
2014. She received her MSc in Materials Science and Engineering from University of Sheffield,
United Kingdom in 2016. Currently, she is pursuing her PhD studies at Department of Physics,
University of Malaya. Her research interests include organic sensors, organic solar cells and
vertical organic field effect transistor (VOFET).

Lijie Li is a Full Professor at the Multidisciplinary Nanotechnology Centre, College of
Engineering, Swansea University, United Kingdom. He possesses ample expertise in developing
MEMS transducers, optical and radio frequency (RF) MEMS devices and systems. Moreover, he
1s also expert in modeling of micro & nano devices plus developing the novel sensors.

Khaulah Sulaiman is an Associate Professor in Department of Physics, Faculty of
Science, University of Malaya, Kuala Lumpur, Malaysia. Her current research interests are organic
semiconductor device physics, solution process-able organic semiconductor thin films,
organic/metal interface and organic solar cells.

22



