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Synthesis of titanium dioxide nanoparticles is gaining more importance in the field of nanotechnology due
to their application in the gas/vapor sensing field. The present study deals with the synthesis of titanium
dioxide nanoparticles from titanium isopropoxide solution using various ionic liquids as phase tuning
agents. XRD results revealed the crystalline nature and presence of anatase and rutile phases of
synthesized titanium dioxide nanoparticles. The shape and size of the particles were analyzed using TEM
and SEM images, which indicated their morphology. The adhesion of dip-coated thin films was obtained
from contact angle measurements and correlated with surface roughness. The gas sensing ability of the
synthesized titanium dioxide nanoparticles was tested by checking the level of chemisorption and
measuring the change in resistance of the samples in the presence and absence of gas inside an airtight
chamber and plotting it as a function of time. The sensing studies performed on the samples showed
that the TiO, samples with ionic liquid 1-ethyl-3-methylimidazolium hexafluorophosphate [EMIM-PFg],
with the highest anatase phase percentage, displayed the best ammonia sensing. The results suggest that
the sol—gel prepared TiO, acts as an excellent gas sensor and on adding ionic liquid, the performance is
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1. Introduction

Detection of gases suspended in air, particularly those that are
toxic or flammable, has become highly important as the rate of
pollution is increasing day by day. Even though ammonia is
a naturally produced substance and found in low ppb levels in
air, its inhalation causes damage to the respiratory tract,
depending on the concentration, pH, extent of inhalation and
continuance of exposure."® The Agency for Toxic Substances
and Disease Registry (ATSDR) of the U.S. Department of Health
and Human Services in its peer-reviewed profile identifies that
the exposure to very high concentrations of ammonia (>1500
ppm) even for short durations (<0.5 hours per day) may cause
extensive edema, purulent bronchitis, and highly distended
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lungs, leading to elevated pulse and blood pressure, cardiac
arrest, permanent blindness and even death.* This requires the
development of highly sensitive, selective and acceptable fast
detection of ammonia with lower operating power. An economic
sensor that can sense ammonia irrespective of operating
temperature could solve the issue by monitoring and measuring
the amount of ammonia in the environment. Considerable
research has been carried out to detect the presence of
ammonia, of which thin-film chemo-resistive gas sensors have
proved to show excellent results. Various thin-film gas sensors
such as V,0s, ZnO, SnO, and TiO, (ref. 5-8) have been used as
gas sensor elements; however, among them, TiO, has proved to
detect gas with the highest efficiency in ammonia sensing.?
Titanium dioxide nanoparticles (TiO, NPs) have gained
popularity due to their properties such as wide band gap,
stability, photocatalytic behavior,” porosity, large specific
surface area and, most importantly, low cost of production and
easy availability. TiO, exists in three different crystalline phases,
namely anatase (3.2 eV, tetragonal), rutile (3.0 eV, tetragonal)
and brookite (orthorhombic). Of the three phases, a combina-
tion of anatase and rutile phase TiO, have been proven to be
used as thin-film gas sensors® and studies have also shown that,
majorly, anatase phase TiO, is a better gas sensor'® than rutile-
dominant TiO,. This is because anatase phase shows higher
crystallinity, whereas rutile phase is more amorphous in nature;

This journal is © The Royal Society of Chemistry 2017


http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra05217k&domain=pdf&date_stamp=2017-07-29
http://orcid.org/0000-0003-1908-3937
http://orcid.org/0000-0001-7656-5831
http://orcid.org/0000-0002-2742-1994
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra05217k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007060

Open Access Article. Published on 31 July 2017. Downloaded on 10/16/2025 1:44:08 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

therefore, when used as a gas sensor, the anatase phase has
higher mobility and trapping center for the gases than rutile
phase TiO,.

Various studies have been conducted to analyze the proper-
ties of anatase over the years. Anatase is difficult to stabilize,
and obtaining it depends on the preparation method and
temperature used during the process. Keeping low temperature
and easy control of morphology in mind, the sol-gel method is
a favorable option as it is economical and much simpler in
preparation compared to other methods. However, tuning the
phase fraction in TiO, thin films is hard to achieve in conven-
tional sol-gel synthesis."* Hence, the sol-gel method should be
modified to synthesize TiO, nanoparticles with the desired
phase fractions. Room-temperature ionic liquids (RTILs) have
gained much greater attention among researchers,'” for their
exceptional properties such as low vapor pressure®® and ability
to decrease gel shrinkage during sol to gel transition, thus
increasing the surface area of TiO, NPs.

It is observed that ionic liquids induce structural organiza-
tion at the nanoscale, which drives spontaneous ordering in
nanomaterials."*"® Several reports are available on different
metal nanoparticles prepared using ionic liquids.” Ionic
liquid assisted TiO, nanoparticles have been synthesized and
subsequently utilized for gold particle deposition and applica-
tion in the CO oxidation.”” Using an ionic liquid (1-ethyl-3-
methylimidazoliumethylsulphate) [EMIM][EtOSO,4], nano-
porous anatase form of TiO, powder has been synthesized by
non-hydrolytic sol-gel method.”® In the present study, TiO,
nanoparticles have been prepared using ionic liquids as phase
tuning agents, and the effects of different ionic liquids with
varying chain length on the TiO, phases and gas sensing ability
have been analyzed. The ionic liquids used in the study are
given in Table 1.

Several researchers have started focusing on designing and
enhancing the gas sensing ability of TiO, NPs prepared using
different techniques due to their high reactivity, chemical
stability, non-toxicity, and low-cost commercial availability. The
different approaches followed include adding different doping
agents,>* varying the temperature during phase transition
period,® and different working temperatures of the gas
sensor.””?* The simultaneous adsorption and desorption of the
gas on the surface of the thin film is the basic mechanism of gas
sensing. As the reducing/oxidizing gas comes in contact with the
surface of the gas sensor, chemisorption occurs on its surface
and the resistance changes accordingly. This change in resis-
tance depends on the surface morphology and the size and shape
of the TiO, NPs.” Investigations have shown that TiO, NPs with

Table 1 List of RTILs used for this study

Symbol Full name

[EMIM][EtOSO,]  1-Ethyl-3-methylimidazolium ethyl sulphate
[EMIM][PF,] 1-Ethyl-3-methylimidazolium hexafluorophosphate
[BMIM][C]] 1-Butyl-3-methylimidazolium chloride

[HMIM][CI] 1-Hexyl-3-methylimidazolium chloride

[DMIM][C]] 1-Decyl-3-methylimidazolium chloride

This journal is © The Royal Society of Chemistry 2017
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nanotubular structure act as good gas sensors.’* Recently,
research on gas sensing has also focused on enhancing the
sensitivity of gas sensors at room temperature itself for the
integration of gas sensors with CMOS technology, since the high
operating temperature of the sensor leads to prolonged thermal
treatment of CMOS materials including its substrate.** However,
the role of anatase and rutile phases in the gas sensing charac-
teristics of TiO, has not been reported thus far.*

In this study, sensitivity, selectivity, response and recovery
time were the key components of thin-film gas sensors
analyzed. Selectivity studies have been performed for various
gases such as ammonia,* ethanol,** acetone,* and toluene**
and the substances with appreciable sensitivity were chosen for
this study. Experiments were repeated for different concentra-
tions of the gas to study sensitivity and saturation concentration
of the sensor. Our earlier reports suggested that sol-gel based
synthesis of TiO, without ionic liquids gives mixed anatase and
rutile phases, but has sensitivity towards ethanol.*” In this
study, ionic liquid has been used as a template to tune the
phases, and experiments were also conducted to understand
the relation of morphology and size of the NP with the gas
sensing property of the prepared samples.

2. Materials and methods
2.1 Materials

The reagents used for the synthesis of TiO, were titanium iso-
propoxide [Ti(OCH(CHz3),)s] (CAS no. 546-68-9), 2-propanol,
nitric acid (HNO3) and ionic liquids EMIM ethyl sulphate (CAS
no. 342573-75-5), EMIM hexafluorophosphate (CAS no. 155371-
19-0), BMIM chloride (CAS no. 79917-90-1), HMIM chloride
(CAS no. 171058-17-6) and DMIM chloride (CAS no. 155371-19-
0). Titanium isopropoxide, 2-propanol, nitric acid and ionic
liquids were all purchased from Sigma-Aldrich with 99.9%
purity. Doubly distilled water was utilized for all processes.

2.2 Method

The procedure used for the preparation of TiO, NP was the sol-
gel method. This method was previously reported.** The
precursor solution used was a mixture of 5 ml TTIP and 20 ml
propanol. Nitric acid was used as the catalyst for hydrolysis and
was added dropwise, in addition to the deionized water, after an
hour to the precursor solution, which was constantly stirred
with a magnetic stirrer at 80 °C for 6 hours. For each sample,
distilled water or the respective ionic liquid was added two
hours into the stirring process. After the stirring, the precursor
mixture was calcined in a muffle furnace at 450 °C for 5 hours
and allowed to cool to room temperature slowly. Finally, the
powder was collected and transferred to a pestle-mortar and
ground to a fine powder that was used for further investigation.
Fig. 1 depicts the preparation process.

The sensor elements were prepared by depositing the
prepared TiO, NPs as thin films using the dip coating process.
The solution for the dip coating process was prepared by mixing
TiO, and propanol at a concentration of 1 mg ml~'. The NP
dispersed solution was prepared for all five samples prepared

RSC Adv., 2017, 7, 37720-37728 | 37721
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Fig. 1 Flow diagram of preparation process.

with different ionic liquids. These solutions were coated onto
glass plates (45 x 13 x 1 mm). Before dip coating, the glass
plates were cleaned with chromic acid and doubly distilled
water. This dipping process was repeated five times. The
dipping process was carried out at room temperature. After the
dip coating, the samples were dried at 30 °C to remove the
solvent from the film.

2.3 Characterization of prepared TiO, NPs

X-Ray diffraction (Rigaku Ultima III, Japan) with Cu Ko, (1.5406
A) was used to investigate the crystallographic nature of the NPs
and to identify the phases present in the NPs. The intensity of
the diffracted X-ray was plotted as a function of diffraction angle
(26). The 26 range used was 20° to 80°. Contact angle
measurement was performed using a contact angle measure-
ment setup (Model no. HO-IAD-CAM-01A, Holmarc, India), and
the analysis was done to show the level of wettability of the thin-
film surface. A UV-visible spectrophotometer (Shimadzu, Japan)
was used to determine the energy band gaps of the prepared
samples. The surface morphology and distribution of NPs were
analyzed by scanning electron microscopy (FEI Quanta 600 FEG,
USA) and transmission electron microscopy (Philips CM 200,
Netherlands). TEM analyses were conducted at an acceleration
voltage of 120 keV. The surface roughness values were deter-
mined from atomic force microscopy (AFM) analysis performed
using the Agilent 5500 model. The roughness values deter-
mined were compared with the gray code roughness values
determined from SEM images obtained using Image].

2.4 Gas sensing experiment

The chemicals used for gas sensing studies were purchased from
Merck, India, and were vaporized using a high temperature flash
vaporizer. An air tight chamber with a capacity of 6 litres with
solenoid controlled gas/vapor inlet and outlet valves was used for
sensing characterizations of the prepared thin films. The film
(having the size of 20 mm x 10 mm) was placed on the sample
stage and silver paste was used on the edges of the film surface
in order to ensure ohmic contact between the samples and

37722 | RSC Aadv., 2017, 7, 37720-37728
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Fig. 2 Schematic diagram of the gas/vapor sensing setup (1) flash
evaporator with liquid injection arrangement, (2) vacuum pump, (3) gas
out solenoid valve, (4) gas in valve, (5) air flushing valve, (6) view port, (7)
spring loaded contacts, (8) sensing element, (9) sample stage with
ceramic heater and thermocouple, (10) air tight chamber with elec-
trical feedthroughs, (11) Keithley 2450 digital interactive source meter,
(12) Selec PID-500 auto-tuning temperature controller with RS-485
communication, and (13) computer running LabVIEW-based sensing
measurement and control module.

probes. The working temperature of the sensor was maintained
by a ceramic resistive heater connected to the sample stage and
was monitored and controlled with a PID temperature controller
(Selec PID-500-2-0-04, India). The gas sensing experiments were
performed by keeping the sensor operating temperature at room
temperature (T, = 25 °C). The resistance of the sensor element
was measured using a Keithley 2450 interactive digital source
measure unit for every 0.5 seconds by sourcing the voltage and
measuring the current. The entire sensing setup was controlled
through a computer running a GUI developed in LabVIEW. The
schematic of the gas/vapor sensing setup developed for the
present study is shown in Fig. 2.

The resistance in ambient air was taken as the base resistance
and once it stabilized, the gas was injected through the gas inlet
valve and the change in the resistance was used to calculate the
sensitivity (S) of the thin-film gas sensor using eqn (1).>

S = RJR, (1)

where R, and R, are the resistance in air and in gas,
respectively.

A: Anatase TiO,
R: Rutile TiO,
A
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Fig. 3 Indexed X-ray diffraction patterns of TiO, samples (a) without
ionic liquid, (b) with [EMIMI[PFg], (c) with [EMIMI[EtOSO,l. (d) with
[BMIMIICL, (e) with [HMIM]ICL, and (f) with [DMIM][CL].

This journal is © The Royal Society of Chemistry 2017
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The concentration of the testing gas injected was calculated
using relation (2).%
OXVXRxT

10° 2
M b, 10 @)

Copm =

where ¢ is the density of testing gas (in g m1™"), Vis the volume of
the injected test gas (in pl), R is the universal gas constant (8.415 ]
mol ' K™'), T'is the sensor temperature (in K), M is the molecular
weight of the testing gas (in g mol '), P, is the chamber pressure,
and V;, is the volume of the chamber (in litres).

3. Results and discussion
3.1 Characterization

The physical properties of TiO, were analyzed by different
techniques. UV-Vis spectroscopy was used to determine the

Table 2 Phase percentage and mean crystallite size of samples

% % Mean crystallite
Sample anatase rutile size (nm)
TiO, without ionic liquid 14 86 15.4
TiO, with [EMIM][PF4] (0.1 M) 58 42 12.6
TiO, with [EMIM][EtOSO,] (0.1 M) 15 85 10.9
TiO, with [BMIM][CI] (0.1 M) 13 87 14.1
TiO, with [HMIM][CI] (0.1 M) 30 70 13.3
TiO, with [DMIM][CI] (0.1 M) 5 95 25.6
80
704
—~ 604
E\:
o 504
Qo
c
£ 404
T —@)
8 30- ——(b)
i —(c)
= 204 ——(d)
— )
104 —
0 T T T T
400 600 800 1000

Wavelength (nm)

Fig.4 UV-Vis spectra of TiO, thin films (a) without ionic liquid, (b) with
[EMIMI[PFel, (c) with [EMIM][EtOSO,], (d) with [BMIM]ICL], (e) with
[HMIM][CL, and (f) with [DMIM][CI].
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energy band gap, whereas XRD analysis was used to identify the
phase and the crystallite size. The contact angle measurement
showed whether the prepared thin films are hydrophobic or
hydrophilic in nature, which is very important for a thin-film
gas sensor when used commercially. SEM and TEM analyses
show morphology and particle size distribution of the TiO, NPs.

3.1.1 X-ray diffraction analysis. XRD patterns of the
samples were analyzed to identify the anatase and rutile phases
and to calculate the percentage of each phase present. From the
XRD patterns, it was inferred that the samples prepared with
different ionic liquids show peaks of different intensities at
different angles, proving that the addition of ionic liquids has
significantly changed crystallographic planes and caused vari-
ation in phases. The patterns were indexed and were in
complete agreement with standard JCPDS Ref (00-021-1272) and

Fig. 5 Contact angle measurement performed on TiO, thin-film
samples prepared using TiO, powders prepared (a) without ionic
liquid, (b) with [EMIM][PF¢], (c) with [EMIM][EtOSO,], (d) with [BMIM]
[Cll, (e) with [HMIMI[CI], and (f) with [DMIMI[CI].

Table 4 Calculated values of the work of adhesion

Table 3 Bandgap energy of TiO, samples Work of RMS
Contact adhesion roughness
Sample Band gap (eV) Sample angle (6) (£1°) (mJ m %) (£1) (nm)
TiO, without ionic liquid 3.01 TiO, without ionic liquid  59.9 109.3 114.7
TiO, with [EMIM][PF4] (0.1 M) 3.21 TiO, with [EMIM][PF] 51.1 118.5 108.1
TiO, with [EMIM][EtOSO,] (0.1 M) 3.02 TiO, with [EMIM][EtOSO,] 67.9 100.2 133.7
TiO, with [BMIM][CI] (0.1 M) 3.07 TiO, with [BMIM][CI] 50.8 118.8 99.7
TiO, with [HMIM][CI] (0.1 M) 3.15 TiO, with [HMIM][CI] 52.5 117.1 114.7
TiO, with [DMIM][CI] (0.1 M) 2.99 TiO, with [DMIM][CI] 52.9 116.7 120.7

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Sensing response plots for ammonia gas sensing of TiO, samples prepared (a) without ionic liquid, (b) with [EMIM][PF¢], (c) with [EMIM]

[EtOSOyl, (d) with [BMIM][CL, and (e) with [HMIM][CL. Low ppm sensing results are given separately for samples b and c as (b1) and (cl). The
numbers indicated on the plot are the concentrations of gas injected (in ppm).
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Ref (01-084-1284) for anatase and rutile phases, respectively.
Fig. 3 shows the XRD patterns of the six prepared samples.

Each sample showed different percentage of anatase and
rutile phases, which is calculated using eqn (3)

Ir

Wr = 0.8841, + Ix

(3)
where Wy is the fraction of rutile, I is intensity concentration of
rutile and I, is intensity concentration of anatase.

Table 2 shows the result of phase percentage of each sample
and that the addition of ionic liquids helps in phase tuning of
TiO,.*® This is the driving point to analyze the samples for gas
sensing characteristics. Samples prepared using ionic liquid
[EMIM][PFs] were anatase phase (58%) dominant, whereas
other ionic liquids were rutile phase dominant. This could be
due to the self-assembly of ionic liquids in the sol-gel, leading
to phase changes in TiO,. Such self-organization of ionic liquids
controlling the size and morphology of different nanoparticles
have been reported.***°

The mean size of nanocrystallites was calculated from XRD
data using Scherrer's formula given by eqn (4)

_ Ki
" Bcosd

(4)

where K is the Scherrer constant, A the X-ray wavelength, ( is the
peak width of half maximum, and 6 is the Bragg angle. Table 2
also shows the particle size of TiO, samples.

The mean crystallite size in comparison with the phases of
the respective sample clearly indicated that rutile-dominant
samples have a larger size. This phenomenon agrees with the
more crystalline and amorphous nature of anatase and rutile,
respectively, as discussed.

3.1.2 UV-Vis spectroscopy. The band gap energies (E,) of
TiO, nanoparticulate thin films were obtained from UV-Vis
spectra (shown in Fig. 4) and were calculated using the Tauc
plot.** The bandgap energies for different TiO, samples are
tabulated in Table 3.

The reported band gap of rutile and anatase TiO, is 3.0 and
3.2 eV, respectively.*® From the table, it can be proved that the
values of the prepared samples agree with the standard band
gap values.

3.1.3 Contact angle. TiO, NP powder was dispersed in
propanol and dip coated on substrate surface. Wettability of
TiO, film surface was checked for each sample. In the case of
complete wetting (spreading), the contact angle was 0°. Between
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Fig. 7 Response and recovery curve of TiO, samples prepared with
[EMIM][PF¢] for 100 pm of ammonia.

Table 6 Comparison of response and recovery time

Samples Response time (s) Recovery time (s)
TiO, without ionic liquid 130 372
TiO, with [EMIM][PF] 35.5 59
TiO, with [EMIM][EtOSO,]  85.3 64
TiO, with [BMIM][CI] 145 181.5
TiO, with [HMIM][CI] 235 56.5
I Ammonia

[ Acetone
Il Ethanol
[ Toluene

2x10* 4

2x10*

R /R

" 1x10*4

5x10°

Sample Name

Fig. 8 Selectivity graph of all TiO, samples for 100 ppm of different
target gases.

0° and 90°, the solid was wettable, and above 90°, it was not
wettable.”” Fig. 5 shows contact angle measurements of all thin
films of TiO, NPs. The work of adhesion (W) is the work that

Table 5 Comparative results of sensitivity measurement of different TiO, samples

Sensitivity (R./R) at different ppm

Samples 1 5 10 25 50 75 100 150 200

TiO, without ionic liquid — — — 428.3 906.4 6106.6 8013.5 60 117.9 165 604.8
TiO, with [EMIM][PF4] 2.5 2.7 3.4 3405.4 3423.8 6702.1 10 080.8 17 253.8 65 100.2
TiO, with [EMIM][EtOSO,] 1.3 4.8 6 120.5 1602.1 9637.1 9999.3 17 163.4 29 458
TiO, with [BMIM][CI] — — — 828.8 5701.7 11 759.3 22 472.1 35477.3 26 148
TiO, with [HMIM][CI] — — — 64.52 495.02 3326.9 11 530.5 14 951 54 865.5
TiO, with [DMIM][CI] — — — — — — — — —

This journal is © The Royal Society of Chemistry 2017
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must be done to separate two adjacent phases 1 and 2 of
a liquid-liquid or liquid-solid phase boundary from one
another. In other words, it is the energy released in the process
of wetting. The unit of work of adhesion is ] m 2. For a liquid-
solid phase boundary, the work of adhesion (W) can be calcu-
lated from the contact angle § using the Young-Dupré equation
(eqn (5)), and the values are tabulated in Table 4.

W = a(1 + cos 6) (5)

View Article Online

Paper

where ¢ denotes surface tension of water.

It can be seen from Table 4 that addition of ionic liquids
effectively varies the contact angle and work of adhesion of
TiO, samples. The films were subjected to AFM analysis to
understand the role of surface roughness in determining
contact angle and hence the quality of sensing. The obtained
RMS surface roughness for all samples is listed in Table 4.
TiO, prepared using [BMIM][C]] and [EMIM][PFs] show lower
surface roughness and higher work of adhesion. It can be
seen that the surface roughness is lower for samples with

Fig. 9 SEM micrographs of all TiO5 thin films (a) without ionic liquid, (b) with [EMIM][PF¢], (c) with [EMIM][EtOSO,], (d) with [DMIMI[CL], (e) with

[BMIMI[CL, and (f) with [HMIM][CL].

37726 | RSC Adv., 2017, 7, 37720-37728
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higher work of adhesion and thus can be used for sensing
analysis. Such increase in work of adhesion due to low
surface roughness has been reported in gold nano thin
films.*

3.2 Gas sensing studies

3.2.1. Sensitivity. The gas sensitivity of a thin film is usually
measured by observing the change in resistance when exposed
to a particular gas. As chemisorption occurs on the surface of
the thin film, the resistance changes and the normalized
change in resistance is called the sensitivity of a gas sensor.
Previous reports published shows that gas sensing was per-
formed at a high working temperature of about 400 °C,* but in
the present study, gases such as ammonia, acetone, ethanol and
toluene were all sensed at room temperature (25 °C) in order to
check room temperature sensitivity of the sensor, which
reduces the fabrication cost of the sensor element with micro-
heater arrangement. Fig. 6 shows ammonia gas sensing of TiO,
with different ionic liquids. Table 5 displays the results of
comparative sensitivity measurement of all the prepared
samples at different concentrations of ammonia.

It is inferred from the results that only the samples prepared
with short chain cation ionic liquids were able to detect the
ammonia gas at lower concentrations. Furthermore, the longer
cation chain ionic liquid samples and samples without ionic
liquid showed higher sensitivity at higher concentrations but
did not sense the gas at lower concentrations. The morphology
and mean crystallite size of the sample play a key role in the
ability to sense gases;* the highest sensitivity sample was the
same NPs with the highest anatase phase. The sample TiO, with
[DMIM][CI] did not exhibit sensing property for any of the tested
gases in the present study. Hence, it is again proven that
anatase-dominant TiO, thin films are better gas sensors, while
the rutile-dominant sample (TiO, with [DMIM][CI]) could not
sense any gases.

3.2.2 Response and recovery time. An ideal gas sensor
should have minimum response and recovery time. Fig. 7
depicts the response and recovery time of TiO, NPs with [EMIM]
[PFg] by fixing the ppm of ammonia to 100 ppm (medium
concentration of sensor range), which was injected into the
chamber. The response time, the time taken to stably detect the
gas and recovery time, the time taken to return to the base
resistance when the gas leaves the chamber, were determined.

A comparative study of the recovery and response time of all
prepared samples (Table 6) at 100 ppm of ammonia clearly
confirms that the sample prepared with short chain ionic
liquids have a faster response to gas sensing.

3.2.3 Selectivity. Selectivity is the ability of sensor to detect
a particular gas; in this case, only four gases were detected by
the prepared TiO, sample, namely ammonia, acetone, ethanol
and toluene. These gases were considered by performing the
response analysis for various gases. A comparative histogram
for the selectivity of all TiO, samples at 100 ppm of each gas is
shown in Fig. 8.

It is observed that the sol-gel prepared TiO, can be a good
candidate for a sensor element in gas sensors for ammonia

This journal is © The Royal Society of Chemistry 2017
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(b)

Fig. 10 TEM images of TiO, samples prepared with [EMIM][PF¢]; (a)
lower magnification, and (b) higher magnification with particle size
measurement.

sensing, and on adding ionic liquids, the performance can be
further enhanced. All samples showed highest selectivity
towards the sensing of ammonia.

3.3 Morphology studies

On understanding the gas sensing of TiO, NPs, the morphology
and the distribution of particles become highly important.
Hence, SEM and TEM analyses were conducted for the samples.

3.3.1 SEM. SEM images of thin films of TiO, samples are
provided in Fig. 9. It can be seen that the ionic liquid makes the
surface morphology of the samples more uniform than that of
the control. This surface phenomenon can be correlated with
the percentage of phases present in the samples: the higher the
anatase phase the greater the crystallinity and uniformity in
morphology.

3.3.2 TEM. TEM analyses were conducted to understand
particle distribution and estimate the size of the particle, which
was then compared with crystallite size obtained from XRD.
Fig. 10(a) and (b) were the TEM images obtained for the TiO,
sample prepared with [EMIM][PF,]. Particles were distributed
evenly (Fig. 10(a)) and spherical nanoparticles were formed in
two size ranges; the smaller particles had an average size of
12 nm, while the larger particles had an average size of 25 nm.
The crystallite size was obtained from XRD analysis and on
comparing values from both TEM (Fig. 10(b)) and XRD, almost
the same values were obtained.

4. Conclusion

With an increase in the need to monitor ammonia in our
environment, TiO,-based gas sensors were studied. Six different
phase-tuned TiO, thin films were prepared and studied for
application as a gas sensor. The thin films were prepared by dip
coating process and their degree of wettability was studied by
measuring contact angle and then calculating the work of
adhesion. The gas sensing behavior of the film was tested at
room temperature. The thin films showed the best response and
selectivity towards ammonia among the gases tested. It was
observed that the sol-gel prepared TiO, acts as an excellent gas
sensor, and on adding ionic liquids, this property is further
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enhanced. On comparing sensitivity, selectivity, response time
and recovery time of all the samples, we inferred that the TiO,
sample with EMIM - PF, displayed the best gas sensing charac-
teristics; moreover, it had the highest anatase phase percentage.
Hence, we concluded that anatase-dominant samples displayed
better gas sensing. TiO, with [DMIM][CI] sample, which was
rutile dominant, did not show any sensing characteristics. On
comparing the structure of ionic liquids and gas sensing ability
of the samples, it was inferred that short chain cation ionic
liquids with highest anatase percentage proved to be good gas
sensors and as the chain length increased, the sensing char-
acter decreased.
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