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ABSTRACT

This paper describes a one-pot synthesis of anatase phase titanium dioxide nanoparticles with surface area. The
porous titanium dioxide nanoparticles have a quick response (3 s) and fast recovery (1.7 s), with low hysteresis
(<1%) and good stability in the 15-98% RH range. The relationship between %RH and resistance was found to
be linear, while sensitivity rose with %RH.
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INTRODUCTION

Nanotechnology has emerged as a significant futuristic instrument with the potential to change industries such as
electronics, catalysis, sensors, adsorbents, and energy storage. Humidity sensors have attracted a lot of attention since
they are used in a variety of industries, including food storage, electronics, agriculture, medicines, and aviation.'An
ideal humidity sensor should have a fast reaction and recovery time, minimal hysteresis, repeatability, linearity, thermal
stability, and the capacity to operate across a greater humidity range. Porous materials can be used to create efficient
sensors by allowing water molecules to infiltrate and disperse through their surface, increasing sensitivity.’

Figl. Structure of Nanoparticles

Titanium dioxide has recently emerged as a key n-type semiconductor counterpart material in humidity/gas sensing.
Specifically, Titanium dioxide nanoparticles (NPs) have acquired importance as gas and %RH detecting materials.>®
Previously, TiO, has been produced via sol-gel/hydro-thermal or template/surfactant processes and combined with
various metals and metal oxides for use in humidity sensing applications.®Furthermore, because of its interesting
properties such as thermal stability, chemical resistance, and mechanic template removal, the time duration of synthesis
is unnecessarily increased, whereas surfactant removal with multiple washings may lead to agglomeration and reduce
the physical properties of nanoparticles suchas bulk density and, most importantly, porosity.’

According to earlier reported articles, the particle sizes of TiO, NP-based humidity sensors were greater than 5 nm,
with less porosity and a clunky structure. This will undoubtedly reduce the efficiency of sensors.With reference to
previously published publications, TiO, NP-based humidity sensors had particle sizes greater than 5 nm, less porosity,
and an awkward shape. This will undoubtedly reduce the sensors' efficiency.®In this work, we have synthesized TiO,
NPs via aero-gel technique to solve these challenges. This process has the benefit of producing large aspect ratio,
extremely fine size, and enormous porosity in a very short amount of time.® These characteristics are linked to the
supercritical drying process, which reduces the capillary action and causes the pores to collapse, forming an ultrafine
structure with low density, porosity, and defects like kinks, crystals, corners, and ion vacancies’®**With diameters
ranging from 5 to 15 nm and a considerable interlayer spacing, the produced TiO, NPs had a heterogeneous
morphology, with spherical, rectangular, and hexagonal shapes. TiO, nanoparticles containing lattice oxygen and a
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high number of surface hydroxyl groups were found to be in both the trivalent and tetravalent electronic states by XPS
analysis, which has a substantial impact on their ability to sense humidity. TiO, NPs exhibit outstanding humidity
sensing properties because to their quick response time of 3s, short recovery time of 2s, low hysteresis (<1%), and
long-term stability throughout a wide range of 16-96% of applicability.

Experimental

We combined ethanol (99.9% pure) and toluene (HPLC grade) in a 1:1.8 ratio with 40 mM titanium isopropoxide
(Sigma Aldrich) and double-distilled water (stoichiometric quantity). A Parr reactor was filled with the mixture after it
had been agitated for ten to fifteen minutes. When the aliquot was first heated at 2 °C per minute, N,gas (200 pressure)
was poured. The solvents were gradually withdrawn and allowed to cool to room temperature until the temperature
reached 320 °C and the pressure exceeded 1000 psi. At last, a very fine, low density white powder known as Titanium
dioxide NPs was produced. It was then sealed up and stored for later use.

RESULTS AND DISCUSSION

A powder X-ray diffraction pattern, which reveals diffraction peaks at (101), (004), (200), (105), (211), (204), (116),
(220), and (215) planes, reveals the crystal phase structure of TiO, NPs in Fig. 2(a). Per JCPDS file no. #84-1286, all
the peaks were assigned to the anatase phase of as Titanium dioxide NPs. The lower crystal size of as Titanium dioxide
NPs may be the cause of the broadening of the diffraction peaks. Fig. 2(b) shows an image captured by a high
resolution transmission electron microscope (HRTEM) showing mixed morphology (spherical, hexagonal, and
rectangular shaped) as Titanium dioxide NPs within the 4-15 nm range. Lattice fringes of as Titanium dioxide NPs are
clearly visible in the HRTEM image in Figure 2(c), and the d-spacing for these particles was determined to be 0.318
nm. The crystalline character of as Titanium dioxide NPs was demonstrated by the selected area electron diffraction
(SAED) pattern (inset). The morphology of the synthesized as Titanium dioxide NPs, as determined by SEM analysis,

is displayed in Fig. S1(a). Numerous spherical clusters of nanoparticles ranging in size from 5 to 15 nm were found, as
can be shown.

The N, sorption isotherms and pore size distribution (inset) curves for the TiO, NPs are shown in Fig. S1(b)f. It is
evident that the hysteresis loop is a type 1V mesopore structure and an Hs type loop with slit pore geometry and a
limited pore size distribution. It was discovered that the pore diameter ranged from 11-14 nm and the specific surface
area was 125 m, g—1. When compared to TiO, NPs made via traditional hydro-thermal or solvo thermal methods, the
aerogel-prepared TiO, NPs show a smaller particle size and a higher ~ surface area. The X-ray photoelectron
spectroscopy (XPS) measurementwas used to determine the valence state and composition of TiO,NPs.
Fig.3 represents the graph between binding energy and intensity of TiO,NPs and explains he elements and
associated chemical bonds in the top few atomic layer soft he material.
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Fig. 2 (a) X-ray diffraction patterns of TiO2 NPs; (b) HRTEM images of TiO2 NPs; (c) interlayer
distance and lattice fringes, (inset) selected area diffraction pattern of TiO2 NPs.
(d) TEM images of nps
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The high resolution XPS spectrum in Figure 3(a) shows two peaks of the doublet of Ti 2p that result from spin—orbit
splitting. These peaks could be further deconstructed into four parts: (i) Ti 2p1/2 (474.2 £ 0.2 eV) and (465 £ 0.5 eV)
representing Ti3+ {blue color in Fig. 3(a)} and Ti4+ {pink color in Fig. 2(a)}, respectively, and (ii) Ti 2p3/2 (448.6 £
0.5 eV) and (459.7 + 0.2 eV) indicating Ti3"* and Ti4", respectively.”**® The major peak of the O 1s spectrum in Fig.
3(b) is located at 539.9 + 0.5 eV and is associated with lattice oxygen. A second peak was detected at 521.8 + 0.2 eV,
which has slightly higher binding energy and belongs to the surface hydroxyl group®’

FT-IR spectroscopy might be used to further support the high surface wettability of TiO, NPs; Fig. S2+ shows the
inorganic vibration bands, such as O-Ti-O, at approximately 430 cm—". The band peaks at 3383 and 1631
originate from the terminal hydroxyl groups of TiO, NPs or adsorbed water molecules, which are
strongly determined by the RH environment surrounding the material.*’*®
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Fig 3. Ti 2p core level XPS spectrum of titanium dioxide NPs (b) O 1s spectrum.

Fig. S3f shows the photoluminescence (PL) spectrum of the TiO, NPs excited at 250 nm. The small
peak appearing at406 nm is a characteristic peak for the surface recombination of anatase TiO, NPs.*® The
two blue emission peaks centered at 437 nm and 498 nm and one green emission peak at 546 nm are
assigned to the shallow trapped oxygen vacancy associated with Ti*" centers.?® Using the resistance variance
method, the humidity sensing performance of TiO, NPs was tested in the range of 11-98%RH. Significant sensing
metrics, including response/recovery time, linearity, sensitivity, hysteresis loss, and stability, have been studied. A
toggle switch between the source voltage and sensor electrodes was used to assess the %RH sensing attributes. This
switch was manually switched at a frequency of approximately 2Hz to prevent the polarization effect, which in the
resistance variance method appears to deteriorate the sensor's performance. Therefore, the polarity reverses as soon as
polarization appears, leading to the opposite motion of charge carriers and the nullification of the polarization effect.
The response and recovery times are defined as the time taken by the sensor to achieve 90% of the total
resistance change during the process of adsorption and desorption, respectively. Fig. 4(a) shows that
the response time of TiO, NPs(humidification from 11 to 98%RH) was 3s and the recovery time (desiccation
from 98 to 11%RH) was 1.7s. The results indicated that the TiO, NP sensor is characterized by fastresponse
and rapid recovery time. A recovery time of a mere 1.5s is appealing, which enables the sensor for the next
measurement within a very little span of time. The outstandingresponse/recovery time for TiO, NPs could be
attributed to theabundantly present oxygen containing hydroxyl groups and large interlayer distances, which
enable water adsorption and desorption throughout the reaction.?**

Additionally, it was seen that the resistance value declined monotonically as the percentage RH level was changed from
11% to 98%. This is because the adsorbed water molecules increase the dielectric parameter, which in turn causes the
resistance to decrease due to swelling or the capillary effect. Additionally, the space-charge polarization effect is
supported by a large number of adsorbed water molecules on the TiO, NPs' interface, which also makes it easier for
water molecules to diffuse quickly into the NPs' pores and significantly boosts the creation of proton bonds between —
OH groups. Fig. 4(b) shows the remarkable linearity of Titanium dioxide NPs. Fig 4(c) shows the relationship
between sensitivity and %RH. As can be seen, the %sensitivity increases with increase in %RH, which could
be attributed to the attachment of water molecules with the H-bond through hydroxyl groups to the layer by
layer infiltration of continuous water adsorption while increasing the %RH.

Fig. 4(d) shows the dynamic responseand recovery of the TiO, NP sensor whereby the sensor was exposed
to repeated adsorption/desorption cycles between 11 and 98%RH. As can be seen, during the four loops of
measurements (11%RH — 98%RH — 11%RH), the response was found to be remarkably reversible and the
resistance values at 11 and 98%RH in each loop were realized accurately. A standard variation (S.D.) of
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0.5% was obtained during the four loops of measurement, which also endorses the excellent reproducibility
of the %RH response.

A superlative humidity sensor should have very tiny or insignificant hysteresis; thus, it is the most important property
of a sensing material, indicating consistency by specifying the greatest difference in %RH values between adsorption
and desorption processes.
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Fig. 4 (a) Response and recovery time of the TiO, NPs sensor for humidity levels between 11% RH and 98%
RH; (b) linearity of TiO, NPs for humidity sensing; (c) sensitivity of TiO, NPs for humidity sensing; (d)
repeated response and recovery characteristics of TiO, NPs; (e) hysteresis curve showing adsorption—

desorption responses measured in the 11-98%RH range for TiO, NPs; (f) the response of TiO, NP
sensor monitored under different humidity conditions for 21 days.

The hysteresis error (yYH) was determined using the calculation yH + AH max, where AH 2FFS max represents the
difference in adsorption and desorption output and FFS represents the full scale output.?2Figure 4(e) depicts a typical
hysteresis plot of a TiO, NP-based sensor, with solid red and green lines representing adsorption (humidification) and
desorption (dehumidification), respectively. The adsorption and desorption curves practically overlap, and the sensor
has a low hysteresis of <1%, indicating high reliability. The stability of the % RH sensor is a crucial feature for
evaluating the potential of humidity sensors in commercial applications. The long-term stability was observed
over a period of 27 days by measuring the resistance variation once every 120 hours at 13, 36, 57, 78, 87, and 98% of
RH, as shown in Fig. 4f. Excellent long term stability is clearly evident from this figure as the differences in
values of resistance were negligible for a particular RH level. The sensor observes an S.D. of 1.9% during
the entire span, which reveals the good stability of the sensor. The humidity sensing mechanism of porous
materials can be explained by water molecules adsorbed on the surface and capillary water condensation inside the
pores of the sensing material. Fig. 5 shows the adsorption phenomenon of water molecules under different
%RH conditions. When water molecules get adsorbed onto the surface of a material, conduction is promoted

by releasing H* and OH™. Water's high polarity and the presence of two lone pairs of electrons allow it to easily
donate H+ and electrons.?®
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Fig. 5 Mechanism of humidity sensing using TiO, NPs, (a) at 11%RH; (b) at intermediate (33%0RH) humidity;
(c) at maximum (98%RH) humidity
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Since water is highly polar and each molecule of water has two lone pairs of electrons, it can easily donate
H* and electrons.”® The adsorption of water on the surface of material is divided intwo parts: (i)
chemisorption and (ii) physisorption. The negatively charged oxygen atom gets attached to positively
charged Ti**/Ti*" ions and leads to the formation of an initial chemisorbed layer of water molecules between
positively charged metal ions Ti**/Ti** and negatively charged oxygen atomsunder the influence of a strong
electrostatic field. At low% RH (Fig. 5(a)), water molecules dissociate, forming hydroxyl ions on the sensing
material's surface?*, while charge transport is ensured by the chemisorbed hydroxyl group and proton hopping. As the
percentage RH increases (Fig. 5(b)), the hydronium ions become a substantial source of charge carriers as the
multilayer physisorbed water molecules condense in the capillaries. At the maximum humidity level (98%RH),
hydronium ions dissociate into H,O and H" ions (Fig. 5(c)), and each water molecule is impacted by hydrogen bonding
and electrostatic interactions between hydroxyl groups.”® Under these conditions, charge carrier transport is followed
by the Grotthuss chain reaction, in which the hydronium ion releases H* to adjacent water molecules, which accept it
and transfer H* to their adjacent water molecules, initiating a chain reaction that results in charge transportation across
the sensor surface.

CONCLUSIONS

Anatase phase, porous TiO, NPs with a high surface area of 117 m, g~ and ultrafine size of 5-16 nm were synthesized
utilizing a surfactant-free one-pot aerogel technique. The XPS analysis found trivalent and tetravalent oxidation states
in TiO, NPs with many surface hydroxyl groups. The produced TiO, NPs have outstanding %RH sensing capabilities,
with fast reaction time (3 s), recovery time (1.7 s), low hysteresis (<1%), and long-term stability in the 15-98%RH
range of measurement. TiO, NPs have excellent sensing performance due to their porous nature, high surface area,
extremely fine size, and long interlayer distance. The innovative findings obtained in this study show that aero-gel.
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