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Abstract: The search for sustainable technology-driven advancements in material synthesis is a new
norm, which ensures a low impact on the environment, production cost, and workers’ health. In this
context, non-toxic, non-hazardous, and low-cost materials and their synthesis methods are integrated
to compete with existing physical and chemical methods. From this perspective, titanium oxide
(TiO2) is one of the fascinating materials because of its non-toxicity, biocompatibility, and potential
of growing by sustainable methods. Accordingly, TiO2 is extensively used in gas-sensing devices.
Yet, many TiO2 nanostructures are still synthesized with a lack of mindfulness of environmental
impact and sustainable methods, which results in a serious burden on practical commercialization.
This review provides a general outline of the advantages and disadvantages of conventional and
sustainable methods of TiO2 preparation. Additionally, a detailed discussion on sustainable growth
methods for green synthesis is included. Furthermore, gas-sensing applications and approaches to
improve the key functionality of sensors, including response time, recovery time, repeatability, and
stability, are discussed in detail in the latter parts of the review. At the end, a concluding discussion is
included to provide guidelines for the selection of sustainable synthesis methods and techniques to
improve the gas-sensing properties of TiO2.
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1. Introduction

Having a happy life is a basic need for all living beings, but this is still a challenge due
to aging, which speeds up health issues, resulting in death at the end [1]. Additionally, many
factors, such as health pandemics, poor food quality, and poor environmental conditions,
significantly affect living conditions. However, these issues can be managed through
advances in medicine and diagnostic systems to control disease outbreaks and the use
of affordable, portable instruments to ensure food quality. One way to help combat the
environmental pollution crisis is by utilizing smart and portable monitoring systems, such
as chemical sensors. Hence, there is a strong demand for innovative ideas that incorporate
novel concepts in physics and chemistry in smart material processing and device integration.
Metal oxides (MOXs) have the potential to be an excellent and economical choice as a raw
material in this context [2–4]. Titanium dioxide (TiO2), specifically among MOXs, possesses
distinctive characteristics that make it appropriate for use in these areas, as shown by its
widespread use in research, particularly in the field of materials science over the past five
years (Figure 1).

TiO2 is primarily found in three different crystal structures: rutile, anatase, and
brookite. Both anatase and brookite have a tetragonal form, while brookite has an or-
thorhombic structure. The illustration of their unit cells is shown in Figure 2. These two
metastable phases are known for their ability to irreversibly transform into the stable rutile
phase at temperatures between 400 and 800 ◦C, based on various factors [5]. The two most
frequently used forms of TiO2 in gas-sensing applications are tetragonal anatase (I41/amd)

Nanomaterials 2023, 13, 1424. https://doi.org/10.3390/nano13081424 https://www.mdpi.com/journal/nanomaterials

https://doi.org/10.3390/nano13081424
https://doi.org/10.3390/nano13081424
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com
https://orcid.org/0000-0002-9507-4146
https://orcid.org/0000-0003-2559-5197
https://doi.org/10.3390/nano13081424
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com/article/10.3390/nano13081424?type=check_update&version=3


Nanomaterials 2023, 13, 1424 2 of 46

and rutile (P42/mnm). The lattice measurements for anatase are a = b = 0.376 nm and
c = 0.948 nm, while rutile’s lattice measurements are a = b = 0.459 nm and c = 0.296 nm.
In both anatase and rutile, each titanium atom is bonded to six oxygen atoms, creating a
TiO6 octahedron.
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various applications. However, conventional methods of preparation are still used, as de-
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Figure 2. Tetragonal structures of crystalline forms of (a) rutile and (b) anatase, and orthorhombic
structure of (c) brookite TiO2. Reprinted from [6].

Currently, TiO2 is extensively synthesized in a variety of morphological forms, includ-
ing nanoparticles, nanowires, nanobelts, nanotubes, nanorods, and nanosheets, for various
applications. However, conventional methods of preparation are still used, as depicted
in Figure 3, leaving the question of sustainable synthesis open. Thus, the first section of
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this review focuses on informing researchers about sustainable methods for growing TiO2
using “green”, “low-cost”, “environmentally friendly”, and “eco-friendly” techniques.
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Figure 3. Synthesis of TiO2 by growth methods in the last five years. Resource: Web of Science.

Returning to the earlier discussion about a “happy life”, having a clean and fresh
environment is crucial. Without it, exposure to pollutants (chemicals/gases) may lead
to health problems, such as headaches; respiratory illness; dizziness; fatigue; eye, nose,
and skin irritation; and potentially even death. Hence, it is essential to monitor and
measure toxic and exhaust gases for the well-being of society, energy conservation, and
environmental preservation. Chemical gas sensors are utilized to monitor chemicals/gases
in both industrial and household settings. [7]. Gas sensors are devices used to detect
and measure the presence of specific gases (chemicals) in an environment. These sensors
play a crucial role in many industries and applications, including air quality monitoring,
industrial process control, and safety systems. Gas sensors come in a variety of types, each
with unique capabilities and advantages [8]. Conductometric gas sensors are a type of gas-
sensing technology that utilizes electrical conductivity to detect specific gases. Compared
to other types of gas sensors, conductometric gas sensors have several advantages, such as
being portable, small, affordable, and dependable, along with a low power consumption.
These sensors work by measuring changes in conductivity that occur in response to the
presence of specific gases. In order to enhance their selectivity and sensitivity, as well as
to ensure fast response and recovery times, ongoing efforts are underway to find more
suitable materials for these sensors [9].

In this field, MOX gas sensors are gaining significant attention as they possess many
desired properties for an ideal sensor. As shown in Figure 4, there have been numerous
efforts to utilize different MOXs in gas-sensing applications. Among these MOXs, TiO2
has been extensively studied for various gas-sensing applications, including hydrogen
(H2), carbon monoxide (CO), ethanol (C2H5OH), acetone (C3H6O), and ozone (O3), in
recent years (Figure 5) [10–12]. This article will delve into the advances made in TiO2
for gas-sensing applications and provide a comprehensive evaluation of its gas-sensing
properties. Additionally, the gas-sensing mechanisms and prospects for sustainable growth
and gas-sensing applications of TiO2 will also be discussed at the end of the article.
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Figure 4. Use of metal oxides in gas-sensing applications from 2017 to 2022. Source: Web of Science.
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Figure 5. Use of TiO2 in gas-sensing applications in the last five years. Source: Web of Science.

2. Gas-Sensing Mechanisms

A chemical sensor has two main functions: a receptor function and a transducer
function. In the receptor function, the analyte compound interacts with the surface of
MOXs. Meanwhile, the transducer mechanism changes a chemical signal into an electrical
one in conductometric sensors. There are two well-established sensing mechanisms for
MOX (TiO2)-based gas sensors; these include the (i) oxygen-vacancy mechanism and
(ii) ionosorption mechanism [13]. The first mechanism operates based on the surface
reduction/oxidation of MOXs and the concurrent alteration of surface oxygen vacancies
in response to exposure to reducing and oxidizing gases [14,15]. In essence, the first step
in the process involves the interaction of an analyte gas with the MOX surface, causing
the removal of lattice oxygen from the surface. This creates a positive-ion vacancy, freeing
electrons that enter the conduction band (CB) and reducing electrical resistance in n-type
MOXs. When the gas is no longer present, oxygen fills the vacancy and takes electrons
from the CB, increasing electrical resistance. Although this model is quite intricate, some
details are not fully documented.

The ionosorption mechanism is widely recognized as the predominant model. This
model relies on the modulation of the adsorption and desorption of oxygen species (O−

and O2−) on the MOX surface. When exposed to atmospheric air, oxygen molecules are
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adsorbed onto the MOX surface through two methods: physisorption and chemisorption.
Physisorption is driven by van der Waals forces, with no charge transfer occurring between
MOXs and oxygen. In chemisorption, oxygen molecules are tightly bound to MOXs due to
the transfer of charge between MOXs and oxygen molecules. This makes chemisorption
the most crucial step in this gas-sensing mechanism.

In this process, oxygen molecules interact with the conduction-band electrons of MOXs
and generate oxygen species on the MOX surface. The type of oxygen species formed
depends on the operating temperature of the sensors. For example, O− is formed when the
temperature is between 150 and 400 ◦C, while O2− is formed when the temperature is higher
than 400 ◦C [16,17]. When conduction-band electrons are captured by oxygen molecules, a
depleted electron region forms on the MOX surface. This leads to an upward bend of the
energy band in n-type MOXs, such TiO2 (Figure 6a,b), thus reducing conductance. The
presence of reducing gases (e.g., H2, CO, and CH4) interacts with oxygen species, thereby
adding electrons to the conduction band and decreasing the depletion-layer width, causing
a downward bend of the energy band and increasing conductance (Figure 6c). Conversely,
conductance decreases in the presence of oxidizing gases (e.g., H2S and NO2). However, for
complex molecules (C2H5OH and C3H6O), the working principle is not as straightforward.
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3. Sustainable Synthesis Methods of TiO2 Nanostructures

In recent years, there has been a notable surge in the efforts made by researchers to
create TiO2 through greener and more sustainable processes. Such methods are aimed at
curtailing the use of hazardous chemicals, reducing waste, and optimizing process condi-
tions. Figure 7 illustrates the diverse strategies employed in sustainable synthesis methods.
Consequently, an overview of the most commonly used green and sustainable synthesis
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methods, including precipitation, sol–gel, solvothermal, and hydrothermal techniques, are
provided here.

Nanomaterials 2023, 13, x FOR PEER REVIEW 6 of 48 
 

 

In recent years, there has been a notable surge in the efforts made by researchers to 
create TiO2 through greener and more sustainable processes. Such methods are aimed at 
curtailing the use of hazardous chemicals, reducing waste, and optimizing process condi-
tions. Figure 7 illustrates the diverse strategies employed in sustainable synthesis meth-
ods. Consequently, an overview of the most commonly used green and sustainable syn-
thesis methods, including precipitation, sol–gel, solvothermal, and hydrothermal tech-
niques, are provided here. 

 
Figure 7. Eco-sustainable synthesis of TiO2: steps for a greener future. 

3.1. Sustainable and Green Sol–Gel Synthesis of TiO2 Nanostructures 
The sol–gel process is a widely used method for preparing nanostructured MOXs 

materials. The first work reported on the sol–gel process was by Geffcken and Berger in 
1939, and it has become one of the widely utilized methods to produce different MOX 
nanostructures, such as TiO2 [18]. Figure 8 depicts the primary steps of the sol–gel process, 
including the preparation of a precursor solution, gel formation, and aging. The process 
starts with the hydrolysis of a solution containing the precursor, which leads to the for-
mation of suspended colloidal particles. The next step is the condensation step, which 
results in the formation of a gel. Subsequently, the gel is washed, dried, and finally calci-
nated to generate a solid material [19]. 

The sol–gel process is cost-effective and has a low waste production, making it an 
environmentally friendly option. This process also allows the preparation of complex 
structures and is suitable for large-scale production for a wide range of potential applica-
tions [18,20]. Additionally, many parameters are carefully controlled to acquire unique 
MOX nanostructures, as listed in Figure 9 [21]. 

Figure 7. Eco-sustainable synthesis of TiO2: steps for a greener future.

3.1. Sustainable and Green Sol–Gel Synthesis of TiO2 Nanostructures

The sol–gel process is a widely used method for preparing nanostructured MOXs
materials. The first work reported on the sol–gel process was by Geffcken and Berger in
1939, and it has become one of the widely utilized methods to produce different MOX
nanostructures, such as TiO2 [18]. Figure 8 depicts the primary steps of the sol–gel process,
including the preparation of a precursor solution, gel formation, and aging. The process
starts with the hydrolysis of a solution containing the precursor, which leads to the forma-
tion of suspended colloidal particles. The next step is the condensation step, which results
in the formation of a gel. Subsequently, the gel is washed, dried, and finally calcinated to
generate a solid material [19].
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The sol–gel process is cost-effective and has a low waste production, making it an
environmentally friendly option. This process also allows the preparation of complex
structures and is suitable for large-scale production for a wide range of potential appli-
cations [18,20]. Additionally, many parameters are carefully controlled to acquire unique
MOX nanostructures, as listed in Figure 9 [21].
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In recent years, several research groups have successfully utilized the sol–gel technique
to produce different nanostructures of TiO2. One of the advantages of using the sol–gel
method for preparing TiO2 is the ability to prepare TiO2 at low temperatures, which reduces
the energy consumption and cost of synthesis [22–25]. However, synthesis of TiO2 nanos-
tructures at a low temperature is still progressing with some toxic chemical compounds,
such as nitric acid, hydrochloric acid, and ammonia solution. Yang et al. proposed a
facile, green, and low-cost approach for the preparation of TiO2 via the sol–gel method [26].
The reaction was conducted at a low temperature (30 ◦C) using less-toxic reagents, such
as de-ionized water, acetic acid, and ethanol. The prepared TiO2 particles exhibited an
amorphous phase and small nanoparticle morphology. Irshad et al. demonstrated the
use of non-toxic and less-toxic chemicals, such as 2-propanol, acetic acid, Tween 80, and
non-hazardous precursor titanium tetraisopropoxide (TTIP), to prepare TiO2 nanoparticles
by the sol–gel method [27]. The prepared anatase TiO2-NPs (spherical shape) demonstrated
a crystallite size of 10–13 nm. In another study, Yazid et al. studied how concentrations
of TTIP affected the crystallinity and properties of TiO2 thin films deposited through a
green sol–gel method at a low temperature (25 ◦C) [28]. The results showed that higher
concentrations of TTIP increased the crystallinity of the mixed phases of TiO2 (anatase and
rutile), resulting in a crystallite size of approximately 17 nm for anatase and 29 nm for
rutile. Furthermore, the surface of the TiO2 thin films were found to be cracked with higher
concentrations of TTIP.

Consequently, Zou showed the potential of synthesizing TiO2 at room temperature
(RT) using tributyl titanate as a precursor material, acetylacetone as a stabilizer, and acetic
acid and 2-methoxyethanol as co-solvents [29]. This technique combines the advantages
of the sol–gel method and the UV illumination process, which results in the hindering of
oxygen defects in the TiO2 film compared to that synthesised without UV irradiation.

On the other hand, employment of a capping agent in the synthesis process reduces
agglomeration, which results in a decrement in the average particle size. In this context,
the use of bio-capping agents provides an eco-friendly, facile, and one-step synthesis of
nanoparticles, which could be easily scaled up to industrial production at a lower cost.
For example, Maurya et al. synthesized mesoporous anatase TiO2 nanoparticles using
the sol–gel synthesis route from titanium (IV) butoxide solution with the help of a bio-
capping agent [30]. Furthermore, non-toxic chemicals, such as deionized water, isopropanol,



Nanomaterials 2023, 13, 1424 8 of 46

and glacial acetic acid, were used in this work. In Figure 10, the researchers illustrate a
comparison of TiO2 that is prepared using the same procedures without and with the
utilization of extract of bixa orellana seed. Bixa orellana seed extract contains cis-bixin,
which can be readily converted to the more stable trans-bixin. The study findings indicated
that the TiO2 nanoparticles that were prepared, both with and without the bio-capping
agent, had a particle dimension of 16 and 13 nm, respectively. However, the crystal phase
changed from a mixed phase of brookite and anatase to a pure anatase phase when the
green synthesis method was employed.
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Calcination temperature is one of the crucial parameters that control the morphology
and crystallinity of TiO2 [31]. For instance, Lal et al. showed the phase transition of TiO2
NPs (spherical, Figure 11) from anatase to rutile when the calcination temperature is above
the 800 ◦C [32]. Additionally, their study showed the increment in crystallite size from
7.68 nm to 37.54 nm, along with the phase transition at the optimal TTIP concentration of
6 mL.

Similarly, Jule et al. showed a phase transformation from anatase (crystallite size of
15 nm) to rutile (crystallite size of 29 nm) when the calcination temperature increases from
400 to 1000 ◦C in uniform TiO2 NPs (Figure 12) [33]. Additionally, the average size of TiO2
NPs increases with increasing annealing temperatures.

In a study conducted by Catauro and colleagues, the effects of heat treatment on the
crystal phases and size of TiO2 NPs were investigated via the sol–gel method [34]. The sol
was divided into two parts and treated differently, with one part (TiO2-1) being placed in
an oven at 60 ◦C for 72 h, and the other part (TiO2-5) being centrifuged and then treated in a
hot muffle furnace at 600 ◦C for 1 h after three washings with ethanol and water. TiO2-1 was
further divided into three aliquots and treated at different temperatures, with TiO2-2 and
TiO2-3 being heated at 400 ◦C and 600 ◦C, respectively, and TiO2-4 being heated at 600 ◦C
after first being treated at 60 ◦C. The formation of crystal phases was analyzed using XRD
measurements, with TiO2-1 being found to be amorphous. Partial crystallization occurred
in the samples from TiO2-2 to TiO2-5, with anatase being the only crystal phase detected in
TiO2-2, and a mixture of anatase and rutile phases being found in the other samples. The
SEM images of the TiO2 samples treated at different temperatures showed a non-uniform
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particle size with a high degree of agglomeration. The NPs in the amorphous TiO2-1 sample
had a size of about 700 nm, while the TiO2-4 sample had a smaller particle size (~100 nm)
but a higher degree of agglomeration. Accordingly, thermal treatment has a great impact
on the crystal growth and morphology of TiO2. Furthermore, higher temperatures lead to
an increase in particle size and noticeable aggregation of TiO2 nanoparticles.
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Doping is an innovative approach that effectively enhances the characteristics of mate-
rials. For instance, Ochoa Rodríguez et al. reported the synthesis of Fe-doped mesoporous
TiO2 nanoparticles using a simple sol–gel method at low temperatures [35]. Their study
focused on investigating the impact of varying iron contents on the synthesized nanoparti-
cles. As shown in Figure 13, the addition of different levels of iron doping does not affect
the agglomeration of nanoparticles, leading to similar meso-structures with a spherical
morphology and rough surfaces, as well as no cracks. The average sphere size remains
within the range of 3–6 µm.
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In another study, Zedek et al. showed the potential of using green solvents (ethanol
and ethylene glycol) to prepare Fe-doped TiO2 NPs via a simple sol–gel method [36]. It was
discovered that TiO2 NPs, which had been doped with Fe, displayed a tetragonal structure
that was a blend of anatase and rutile phases. Additionally, it was noted that Fe (III) was
easily integrated into the TiO2 lattice without causing any effect on its tetragonal system. In
another study, Nithyaa et al. synthesized TiO2 and Gd-doped TiO2 samples using greener
and fewer chemicals by the sol–gel method [37]. The synthesized nanoparticles showed
excellent crystallinity, and the diffraction pattern could be compared with the standard
anatase phase of TiO2. There were no peaks indicating any other crystalline material, and
the diffraction pattern of the Gd-doped sample showed a shift indicating the presence of
Gd within the Ti-O lattice. The authors also found that pure TiO2 and Gd -TiO2 particles
had a spherical, poly-dispersed shape with irregular morphology, and the addition of Gd
did not affect the particles’ shape.

Moreover, co-doping has become a key area of research and is a novel approach that
has been gaining significant attention in the field of materials science because it enhances
properties when compared to single doping. Hajizadeh-Oghaz used a novel approach to
synthesize lanthanum–niobium (La, Nb) co-doped TiO2 nanocrystals using the Pechini
sol–gel technique [38]. Generally, this process is based on the formation of metal citrate
complexes. In this study, polymerization was achieved through the coordination of citric
acid and free citric acid via ethylene glycol, resulting in the development of a polymeric
resin. This resin served as a steric barrier to facilitate the formation of nanocrystals. The
results of the XRD patterns reveal that both undoped TiO2 and all (La, Nb)-co-doped TiO2-
based samples have the anatase-phase crystal structure. The crystal structure type was not
affected by the presence of Nb and La in the matrix. Moreover, the size of the anatase-phase
crystallite decreases in the (La, Nb)-co-doped TiO2 samples compared to undoped TiO2. A
slight reduction in size was observed with an increase in (La, Nb) content from 1 to 3 mol%.
The TiO2 particles are uniform in size, ranging from 30 to 40 nm. The TEM image of 2% (La,
Nb)-co-doped TiO2 nanoparticles displays a similar semi-spherical shape with no highly
aggregated particles, with an average particle size of 15–20 nm. Table 1 summarizes the
experimental, morphological, and structural characteristics of TiO2 nanostructures by the
sol–gel method.

Table 1. A summary of synthesized TiO2 nanostructures using the sol–gel method.

Chemical Compounds Synthesis Conditions Structural and Morphological Properties Ref.

Titanium isopropoxide
(TTIP)

Deionized water (DI)
Isopropanol

Stirring: TTIP + isopropanol—Time: 30 min
Stirring: TTIP + isopropanol + DI

water—Time: 2 h
Ultrasonic treatment: Temp: 80 ◦C—Time:

1 h
Aging temp: RT—Time: 22 h

Washing: DI water and ethanol
Drying temp: 70 ◦C—Time: 2 h

Calcination—300–800 ◦C

Phase: anatase + rutile
Crystallite size: increases with increase in

calcination temperate from 8.45 to 38.55 nm
Calcination (300 ◦C)

Morphology: nanoparticles with roughly
spherical and spongy shape

Particle size: ~35 nm
Calcination (800 ◦C)

Morphology: non-uniform particles

[32]

Citric acid
Ethanol

TTIP
Ethylene glycol (EG)

Stirring: citric acid + ethanol + TTIP
Temp: RT—Time: 1 h

Doping: NbOEt5 and La (NO3) 3·6H2O
added to the solution

Stirring temp: RT—Time: 1 h
Stirring: solution + EG

Calcination time: 2 h—Temp: 400 ◦C

Phase: anatase
Morphology: semi-spherical nanoparticles

Crystallite size: ~30 nm
[38]

Titanium chloride (TiCl4)
Malva parviflora extract

(MPE)
Deionized water

Stirring: TiCl4 + MPE + DI water
Time: 3 h

Doping: Thiourea added to have S2−

Aging time: 24 h—Temp: 60 ◦C
Calcination temp: 400 ◦C—Time: 3 h

Phase: Anatase related to TiO2
Morphology: S-doped TiO2 nanoparticles

Particle size: 20.3 nm
[39]
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Table 1. Cont.

Chemical Compounds Synthesis Conditions Structural and Morphological Properties Ref.

TTIP
Glacial acetic acid

Double-distilled water

Stirring: TTIP + glacial acetic acid +
double-distilled water—Time: 5 h
Ultrasonic treatment: Time 30 min

Aging time: 24 h in dark
Thermal treatment: Temp: 80 ◦C—Time:

10 h
Drying temp: 100 ◦C

Calcination temp: 600 ◦C—Time: 5 h

Phase: anatase
Crystallite size: ~10.88 nm

Morphology: spherical and rod
Particle size: ~121 nm

[40]

Phyllanthus niruri leaf
extract

Distilled water
TTIP

Plant
Stirring: Phyllanthus niruri leaf +

distilled water
Time: 2 h—Temp: 50 ◦C

TiO2 preparation
Stirring: TTIP + plant extract

Time: 4 h—Temp: RT
Centrifuging time: 20 min

Drying temp: 80 ◦C—Time: 24 h
Calcination temp: 600 ◦C—Time: 3 h

Phase: anatase
Crystallite size: ~20.90 nm
Morphology: nanoparticles

[41]

Plumeria leaves
TTIP

Hexane
Ethanol

Stirring: TTIP + hexane + plant extract
Washing: ethanol

Drying temp: 100 ◦C—120 ◦C
Calcination temp: 500 ◦C—Time: 4 h

Phase: anatase
Morphology: nanoparticles

Particle size: 77.6 nm
[42]

Te (VI) acid
Ti (IV) butoxide

EG

Stirring A: Ti (IV) butoxide + EG
Stirring B: Te (VI) acid + EG

Stirring: A + B
pH: 7.5–8

Heat treatment temp: 200 ◦C
Calcination temp: 300 ◦C to 700 ◦C—Time:

2 h

Phase: anatase
Crystallite size: ~60 nm

Morphology: spherical nanoparticles
Particle size: 50 to 100 nm

[43]

TBOT
Ethanol

Stirring: TBOT + ethanol
Time: 2 h—Temp: RT

Washing: ethanol
Drying time: 10 h—Temp: 60 ◦C

Calcination temp: 200 ◦C—Time: 2 h

Phase: anatase
Morphology: spherical particles

Particle size: 30–40 nm
[44]

TTIP
Ethanol

Cobalt acetate
Cadmium acetate

Urea

N-Co-Cd-doped TiO2 nanocomposite
Stirring: TTIP + ethanol—Time: 30 min

Doping: 1% Co, Cd, and N
Drying temp: 100 ◦C—Time: 24 h

Calcination temp: 550 ◦C—Time: 4 h

Phase: anatase + β-Cadmium nitrate-cobalt
titanium + titanium nitride

Morphology: mesoporous nanocomposite
[45]

TTIP
Isopropanol
CuCl2.2H2O

Stirring solution 1: TTIP + isopropanol
Temp: RT—Time: 2 h

Stirring solution 2: CuCl2.2H2O +
isopropanol

Doping: Solution 1 added to solution 2
Calcination time: 2 h—Temp:

400–500–600 ◦C

Doping concentration: 5%
Calcination temp: 400 ◦C

Phase: anatase
Crystallite size: 4.63 nm

Calcination temp: 500 ◦C
Phase: rutile

Crystallite size: 8.7 nm

[46]

TiCl4
Distilled water

Ethanol

Stirring: TiCl4 + distilled water + ethanol
Time: 30 min—Temp: RT

pH: from 1 to 10
Aging time: 12 h

Washing: distilled water
Drying temp: 120 ◦C—Time: 1 h

Calcination temp: 500, 600, 700, and 800 ◦C
Time: 4 h

Phase: anatase
Morphology: non-uniform cluster of TiO2

[47]
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3.2. Sustainable Precipitation and Green Synthesis of TiO2 Nanostructures

The precipitation method is a widely used method for preparing nanostructured
materials. The process involves the formation of nanoparticles from a solution through a
chemical reaction, resulting in the precipitation of a solid material. In this method, precur-
sors are dissolved in a solvent, and then a reactive agent is added to induce precipitation
(Figure 14). The product is often washed, dried, and calcinated to obtain pure nanos-
tructured materials. Calcination removes impurities and stabilizes nanostructures made
through the precipitation method, allowing for control over size, shape, and composition.
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Concerning sustainable co-precipitation synthesis, which involves the production of
nanoparticles without the use of any plant extract, Buraso et al. conducted a study to
synthesize TiO2 using a low-temperature precipitation method and minimal chemicals,
with only titanium isopropoxide as a precursor and deionized water as a solvent [48]. The
researchers also investigated the impact of calcination temperature on the crystallinity and
morphology of TiO2 nanoparticles. The XRD analysis showed that the samples calcined
in air at 400 and 500 ◦C had a pure anatase structure, while those treated at higher tem-
peratures exhibited an anatase–rutile structure. Additionally, as calcination temperature
increased from 400 to 700 ◦C, the size of TiO2 nanoparticles increased slightly from 11.3 to
27.4 nm.

Similar, Kalaivani and colleagues utilized the precipitation method to synthesize
TiO2 nanoparticles and incorporated a green agent, polyvinyl pyrrolidone (PVP), in the
synthesis process [49]. This study mainly focused on investigating the impact of calcination
temperature on TiO2 nanoparticles, ranging from 300 to 600 ◦C. The XRD analysis of the as-
prepared TiO2 nanoparticles at various temperatures indicated that both anatase and rutile
TiO2 nanoparticles possessed a polycrystalline nature with a tetragonal crystal structure.
The results also revealed that the average particle size of TiO2 increased with temperature.
The surface of TiO2 nanoparticles was characterized by uniform spherical grains. The
sample annealed at 400 ◦C exhibited a polycrystalline surface with spherical-like structures,
having an average particle size of approximately 10 nm. With an increase in the annealing
temperature up to 600 ◦C, the formation of spherical structures was observed, with an
average particle size of approximately 22 nm.

Fischer et al. developed a new method for synthesizing TiO2 nanoparticles with
different crystal phase ratios through low-temperature dissolution–precipitation (LTDRP)



Nanomaterials 2023, 13, 1424 14 of 46

on a porous microfiltration membrane made of polyethersulfone [50]. They conducted
experiments to determine the effects of acid concentration and temperature on the crystal
composition of the synthesized nanoparticles. The amount of hydrochloric acid and the
reaction temperature were varied while keeping the concentration of the titanium precursor
constant. The researchers found that both acid concentration and temperature had a
significant impact on the crystal composition of the synthesized nanoparticles. The shape
of TiO2 nanoparticles was also affected by the HCl concentration, with spherical and rod-
like particles forming at different concentrations. Interestingly, the researchers observed
that increasing the HCl concentration resulted in the formation of flower-like structures
in rod-like particles. The formation of rutile at higher concentrations of HCl was also
confirmed through XRD analysis. Although they presented a new technique, it should be
noted that the use of hazardous chemicals, such as HCl, is a potential obstacle to achieving
a greener synthesis.

Apart of pure TiO2, some researchers investigated the synthesis of doped TiO2. For
example, Fomekong et al. synthesised undoped and Co-doped TiO2 nanoparticles using
a co-precipitation method [51]. Cobalt acetate was used as the dopant to obtain 0.5 and
1 mol% of cobalt in TiO2. The X-ray analysis showed that the presence of cobalt dopant
promoted the conversion of anatase to rutile phase in TiO2. The SEM analysis revealed
that doping with Co had a noticeable impact on the powder morphology, with the 1%
Co-doped TiO2 sample displaying larger and well-faceted rhombohedral crystallites with
minimal agglomeration. This study provides valuable insights into the effects of Co-doping
on the properties of TiO2 NPs. Similarly, Ni-doped and undoped TiO2 NPs were made
using co-precipitation and calcination (3 h at 700 ◦C) [52]. The prepared pristine TiO2 NPs
contained both anatase and rutile polymorphs in the synthesized powders, with increasing
rutile content as the nickel concentration (0.5, 1.0, and 2.0 mol%) increased. Additionally,
spherical NPs (70 nm) of pristine TiO2 tended to agglomerate, while Ni doping had a
significant impact on the morphology, leading to a lower agglomeration and a smaller
particle size with increasing dopant content.

Sangeetha et al. reported low-temperature preparation of bismuth-and-boron-co-
doped TiO2 nanorod-like structures [53]. Bismuth and boron co-doping was produced
using tetrabutyl titanate and boric acid as the source chemicals for Ti, Bi, and B. The final
product was crushed and calcined for 4 h at 450 ◦C. The findings showed that all materials
had a highly crystalline anatase structure, with the crystallite sizes ranging from 25 to
34 nm. The morphological analysis showed a spherical shape and rectangular rod-like
structures with particle sizes ranging from 50 to 300 nm.

Sharmila et al. reported the synthesis of lithium-activated TiO2 nanoparticles using
a co-precipitation technique. The precursor materials used were titanium tetrachloride
and sodium hydroxide [54]. XRD analysis was carried out to determine the structural
characteristics of the synthesized nanoparticles, and the results showed that the crystallite
size was in the range of 42 to 52 nm. The majority of the TiO2 nanocrystals were found to be
in the rutile crystal phase with some traces of a brookite phase. The SEM results revealed
that the nanoparticles had a rectangular and hexagonal morphology.

Using sodium hydroxide (NaOH) as a precipitator can significantly enhance the
sustainability of the precipitation process [55], especially when compared to other reports
with ammonia [56,57]. While some studies still relied on ammonia as a precipitating
agent, this compound can be highly volatile and corrosive, making it less environmentally
friendly and potentially hazardous to handle. On the other hand, sodium hydroxide is a
readily available and inexpensive chemical that can effectively precipitate a wide range of
compounds and poses less of a risk to human health or the environment. Therefore, the use
of sodium hydroxide as a precipitator can be a promising approach for making chemical
synthesis more sustainable and reducing the overall environmental impact of the process.

Utilizing plant extracts as green agents is another interesting approach to secure the
sustainability of production. However, these methods still incorporate toxic chemicals in
the synthesis process. It is worth pointing out that water or an organic solvent is commonly
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used to extract phytochemicals, and the process is carried out at temperatures not exceeding
100 ◦C. For example, Ansari et al. introduced a novel and ingenious method to produce
TiO2 NPs at low temperatures that is sustainable [58]. Their process employs Acorus calamus
(A. calamus) leaf extract as a new biogenic source, as well as a capping and reducing agent
with ammonia as a precipitator.

On the other hand, a study conducted by Subhapriya et al. investigated a method for
the chemical and green synthesis of TiO2 using extract from the leaves of Trigonella foenum
(TF) [59]. One noteworthy aspect of this research is the use of sodium hydroxide (NaOH)
as a precipitator. Their results, as shown in Figure 15, indicate that nanoparticles produced
using a plant extract exhibit even dispersion on the surface, which is accompanied by
the development of aggregated nanoparticles with a clear view of spherical nanoparticles.
Moreover, the chemical and green synthesis method yielded well-crystalline titanium with
an anatase phase.
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Nabi et al. prepared TiO2 NPs using a cost-effective and room-temperature green
synthesis method with the extract of Citrus limetta (Figure 16) [60]. Titanium butoxide
was added to distilled water and mixed with the extract. The synthesized TiO2 had an
anatase crystalline phase. Furthermore, the nanoparticles were spherical in shape and had
a uniform distribution, with a particle size of 80–100 nm.
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In another study, reddy et al. prepared flower-like TiO2 nanoparticles via a novel
green approach using medicinal plant leaf extracts, namely Ocimum tenuiflorum plant (OTP)
and Calotropis gigantea plant (CGP), at room temperature [61]. The plant leaf extracts, which
are rich in secondary metabolites, such as polyphenols, flavonoids, alkaloids, terpenoids,
and peptides, contain hydroxyl and ketonic groups that help in reducing Ti4+ ions to TiO2
state, as well as in green stabilizing and capping nanoparticles. The XRD results indicated
that the OTP extract produced TiO2 NPs in the anatase phase, while the CGP extract
produced TiO2 NPs in the rutile phase. Furthermore, the TiO2 produced from the CGP
extract displayed a higher level of crystallinity, with a smaller crystallite size. The SEM and
TEM results revealed that the OTP sample had spherical-shaped grains with an average
size of 100 nm, while the CGP sample had flower-like shaped grains with an average size of
200 nm. Additionally, reddy et al. synthesized TiO2 NPs using an environmentally friendly
and eco-sustainable approach [62]. This approach involved the use of TiCl4 as a precursor
and the utilization of C. gigantea (CG) plant leaf extract as a catalyst. The XRD analysis
results indicated that the TiO2 NPs in the rutile phase had a tetragonal structure, with a
crystallite size calculated to be 9.84 nm. Furthermore, the SEM and TEM images reveal
a non-uniform distribution of spherical- and flower-like shaped grains, with an average
grain size of 100 nm.

A similar study was reported by Prashanth et al., in which they prepared TiO2 using
Calotropis gigantea (CG) leaf extract and at room temperature [63]. Titanium isopropoxide
and the CG leaf extract were added to distilled water. Their results showed spherical,
dispersed anatase TiO2 with an average particle size of approximately 42 nm. Hariharan
et al. reported a fast green method with easy, minimal chemicals at low temperature (50 ◦C)
to prepare TiO2 using Cynodon dactylon leaves [64]. The researchers indicated that the NPs
were hexagonal in shape and had a size range of 13 to 34 nm. Furthermore, the TiO2 NPs
were found to be in the anatase phase.

Rajkumari et al. produced TiO2 NPs by green synthesis using minimal chemicals and
Aloe barbadensis as a reducing and stabilizing agent [65]. The results of the study, as demon-
strated in Figure 17a–e, show that the TiO2 NPs are poly-dispersed and have a spherical
shape, with a size range of 20 to 50 nm. Additionally, the EDS analysis results, depicted
in Figure 17f, reveal sharp and intense peaks of titanium (Ti) and oxygen (O), indicating a
high concentration of titanium and oxide peaks. This confirms that the synthesized TiO2
NPs are of high purity.

Aside from pure TiO2, various research groups have utilized a green approach to
synthesize doped TiO2 nanostructures. Ramzan et al. reported the synthesis of Cu-TiO2
nanoparticles (NPs) using Cedrus deodara extract by a low-temperature method (65 ◦C) [66].
They found that the particles agglomerated. The average size of the Cu@TiO2 nanocom-
posites was determined to be around 10.01 ± 0.30 nm. Figure 18 shows the XRD results of
Cu@TiO2 NPs, indicating the presence of distinct diffraction peaks located at 27.5◦, 36.2◦,
41.3◦, 44.5◦, 54.30◦, 57.6◦, and 64.8◦, which have been indexed to planes 101, 110, 204, 120,
211, 220, and 200, respectively. The highest peaks are attached to tetragonal structure and
anatase phase.

Pushpamalini et al. conducted a study on the green synthesis of TiO2 NPs using
four different leaf extracts as reducing agents [64]. The leaf extracts of piper betel (PB),
Ocimum tenuiflorum (OT), Moringa oleifera (MO), and Coriandrum sativum (CS) were used
to synthesize TiO2 from titanium tetraisopropoxide. As shown in Figure 19, the TiO2
NPs are nearly spherical and formed in clusters. The SEM image of MO-TiO2 shows
many aggregated particles, confirming the greater influence of moringa leaf extract on the
structure of nano-TiO2. The XRD pattern reveals that only anatase-phase TiO2 resulted
during the green synthesis, while the chemical method resulted in both anatase and rutile
phases. The particle size of five different types of TiO2, namely TiO2, PB-TiO2, OT-TiO2,
MO-TiO2, and CS-TiO2, was found to be 24, 6.4, 7.0, 6.6, and 6.8 nm, respectively. Table 2
summarizes the reported TiO2 nanostructure using green methods.
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Table 2. A summary of synthesized TiO2 nanostructures using green methods.

Plant Synthesis Conditions Structural and Morphological Properties Ref.

Leaf of Trigonella foenum

Plant extract
Stirring: leaves + distilled water

Time: 20 min
TiO2 preparation

Stirring: titanium oxysulphate + plant
extract + NaOH

Calcination temp: 700 ◦C—Time: 3 h

Phase: anatase
Morphology: spherical NPs

Particle size: ≈25 nm
[59]

Citrus limetta leaves

Plant extract
Boiling: leaves + distilled water

Temp: 100 ◦C—Time: 15 min
TiO2 preparation

Stirring: titanium butoxide + distilled
water + citrus limetta extract

Time: 5 h
Aging time: 24 h—Temp: RT

Drying temp: 150 ◦C—Time: 2 h
Calcination temp: 550 ◦C—Time: 2 h

Phase: anatase
Gain size: 45 nm

Morphology: NPs with spherical shape
Particle size: 80–100 nm

[60]
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Table 2. Cont.

Plant Synthesis Conditions Structural and Morphological Properties Ref.

Leaf of piper betel
Plant extract

Stirring: leaves + distilled water
Time: 30 min—Temp: 50 ◦C

TiO2 preparation
Stirring: TTIP + distilled water +

plant extract
Time: 3 h—Temp: 70 ◦C

Calcination temp: 400 ◦C—Time: 3 h

Phase: anatase
Morphology: rounded shape and formed

in clusters
Particle size: 6.4 nm [67]

Leaf of Ocimum tenuiflorum

Phase: anatase
Morphology: rounded shape and formed

in clusters
Particle size: 7 nm

Leaf of Moringa oleifera

Phase: anatase
Morphology: rounded shape and formed

in clusters, with many aggregated particles
Particle size: 6.6 nm

Leaf of Coriandrum sativum

Phase: anatase
Morphology: rounded shape and formed

in clusters
Particle size: 6.8 nm

Syzygium cumini (jamun)
leaves

Plant extract
stirring: leaf powder + distilled water

Temp: 80 ◦C—Time: 60 min
TiO2 preparation

Stirring: TTIP + Syzygium cumini
extract

Temp: RT—Time: 8 h
Drying temp: 100 ◦C—Time: one night
Calcination temp: 570 ◦C—Time: 3 h

Phase: anatase
Crystallite size: 10 nm
Morphology: Spherical
Particle size: ≈22 nm

[68]

Jatropha curcas leaves

Plant extract
Stirring: leaves + DD water
Temp: 80 ◦C—Time: 40 min

TiO2 preparation
Stirring: TiCl4 + leaf extract

Temp: RT—Time: 2 h
Ammonia was added to the solution

Washing: ethyl alcohol
Calcination temp: 450 ◦C—Time: 3 h

Phase: anatase
Crystallite size: ≈ 13 nm

Surface area: 27.038 m2/g
Pore size diameter: 19.1 nm
Pore volume: 0.1291 cm3/g

Morphology: spherical

[69]

Ledebouria revoluta (African
hyacinth)

Plant extract
Stirring: leaves + ethanol

Time: 20 min
TiO2 preparation

Stirring: titanium dioxide + distilled
water + extract

Temp: 50 ◦C—Time: 4 h

Phase: tetragonal
Crystallite size: 47 nm
Morphology: spherical

[70]

Leaves of Ocimum sanctum

Plant extract
Stirring: leaves + distilled water

Time: 10 min—Temp: 80 ◦C—Stored at
4 ◦C

TiO2 preparation
Stirring: TiO2 + plant extract

Temp: RT—Time: 6 h

Phase: anatase
Morphology: spherical and polygonal

Particle size: 75–123 nm
[71]

3.3. Sustainable and Green Hydro/Solvo-Thermal Synthesis of TiO2 Nanostructures
3.3.1. Hydrothermal Synthesis

In recent years, hydrothermal synthesis is a method widely used to prepare various
nanostructures of TiO2, such as quantum dots [72], nanowires (NWs) [73], nanotubes
(NTs) [74], nanosheets (NSs) [75], and others. The hydrothermal method is divided into two
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categories based on the solvent solution used: acid-hydrothermal and alkali-hydrothermal
methods. As shown in Figure 20, the process begins by mixing the precursor and solvent to
form a homogeneous mixture. The mixture is then subjected to thermal treatment using
a closed system in a Teflon autoclave under a specific pressure and temperature. The
use of a closed system with controlled temperature and pressure offers a higher level of
stability in the process. This stability leads to better control over the size of crystals, the
initiation of nucleation, and the degree of crystallinity achieved [76]. The resulting product
is then washed and dried, followed by crystallization through annealing at a specific
temperature [77].
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Additionally, researchers have developed a hydrothermal procedure that uses ultra-
sonic energy and autoclave (ultrasonic-assisted hydrothermal) to produce more precise
and controlled nanoparticles with regulated size and shape [78]. The ultrasonic treatment
leads to reduced particle deagglomeration and smaller particle sizes, resulting in higher
phase purity. Microwave-assisted hydrothermal synthesis is also a modern method that
utilizes the properties of microwaves to enhance the hydrothermal process. This results
in rapid and uniform heating, leading to high-quality products being formed in a shorter
period compared to traditional hydrothermal synthesis. The advantage of this method lies
in its faster reaction rates and uniform heating, thereby enhancing overall efficiency. Low-
temperature hydrothermal synthesis offers numerous benefits, including sustainability and
cost-effectiveness [79–81].

Green hydrothermal synthesis using plants extracts represents a promising, sustain-
able, and eco-friendly alternative to traditional material synthesis methods [82]. Several
research efforts have been directed toward exploring advanced hydrothermal techniques,
including ultrasonic hydrothermal, microwave hydrothermal, and low-temperature hy-
drothermal methods, to ensure a green, eco-friendly, and sustainable approach in the
preparation of TiO2 nanostructures (Table 3).

In this context, a simple hydrothermal approach was applied for a large-scale synthesis
of anatase TiO2 NPs by Navale et al. using titanium glycolate as the precursor [81]. As
shown in Figure 21a, this precursor is produced from mixing ethylene glycol and tetra-
butoxy titanium. Their XRD findings indicate the presence of pure, tetragonal anatase
phase of TiO2 nanoparticles (Figure 21b), with a crystallite size of approximately 14 nm.
The Raman analysis displayed in Figure 21c exhibits four active Raman peaks at 144, 397,
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514, and 638 cm−1. The peak observed at 144 cm−1 is highly intense, while the peaks
situated at 397 and 514 cm−1 correspond to the B1g and A1g vibration modes, respectively.
The peaks at 144 and 397 cm−1 signify the involvement of the O-Ti-O bending vibration.
Meanwhile, the peaks at 514 and 638 cm−1 are related to the Ti-O stretching vibration.
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Wang et al. showed the tunability of the morphologies and phases of TiO2 NPs using
a green hydrothermal approach [83]. Oxalic acid (OA) was dissolved in H2O to form a
transparent solution. OA, a biocompatible reagent commonly found in organisms and
plants, is known for its ability to chelate with metal ions. As such, it was anticipated
that OA could regulate the hydrolysis of TTIP, allowing control over the morphology
and microstructure of the resulting crystal products. Therefore, their study focused on
examining the impact of varying the molar ratio of TTIP/OA, ranging from 2:1 to 1:1, 1:3,
1:6, and 1:9. Figure 22 illustrates how the molar ratio of TTIP/OA affects the morphology
and crystal phase of TiO2 nanoparticles. With the addition of a small amount of oxalic
acid, rod-shaped nanoparticles with a thickness of 15 nm and a length of 150 nm are
obtained, exposing mainly the (110) facet (Figure 22a–c). Increasing the TTIP/OA ratio
results in uniform sphere-shaped aggregates of nanoparticles around 20 nm in size, forming
mesocrystals (Figure 22d–f). At higher OA concentrations, dandelion-like assemblies
composed of nanorods around 200 nm in length and 50 nm in thickness are synthesized,
with lattice distances corresponding to the rutile phase (Figure 22g–i).
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Nagaraj et al. synthesized silver-coated TiO2 nanostructures (Ag@TiO2) using extract
of leucas aspera plant [84]. The Leucas aspera leaf extract was used as a reducing and
capping agent through the biological reduction of silver nitrate. Their research centred
around the use of different amounts of silver. As a results, they found that the surface of
TiO2 NPs underwent a transformation after the deposition of various Ag amounts. As the
Ag amounts were modified, the morphologies of the resulting Ag@TiO2 nanostructures
also altered. Besides, hydrothermal treatment led to the formation of rod-shaped TiO2 NPs
and small, spherical Ag NPs. The researchers determined that the doping concentration
and the hydrothermal method of preparation were the two primary factors impacting the
morphological changes.

In a study by Hariharan et al., TiO2 NPs were synthesized using aloe vera gel (AV) as a
capping agent via a hydrothermal approach [85]. A preparation of aloe vera gel extract was
conducted using deionized water as a solvent. In this solvent, titanium (IV) isopropoxide
was introduced and subsequently subjected to the hydrothermal treatment. The researchers
found that the AV-TiO2 structure is composed of an anatase phase with a crystallite size of
9 nm. In terms of morphology, the material displays a tetragonal shape. The particle size
ranges from 6 nm to 13 nm, with only slight variations in size.

In another work, Sharma et al. reported a novel method for synthesizing TiO2 NPs
using green alga Chlorella pyrenoidosa (as a reducing and capping agent) [86]. The synthe-
sized TiO2 nanoparticles were then deposited onto graphene oxide (GO) sheets to form
a TiO2-GO nanocomposite. Figure 23 presents the synthesis steps and the morphology
of (a) TiO2 nanoparticles, (b) graphene oxide, and (c) TiO2-GO nanocomposite. From the
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SEM analysis, it was determined that the spherical TiO2 nanoparticles had a diameter of
approximately 50 nm. The GO sheets, on the other hand, appeared wrinkled and were
several micrometers in size. Upon studying the TiO2-GO nanocomposite, it was found that
the TiO2 NPs tended to accumulate along the wrinkles and edges of the GO sheets. Despite
this, the spherical morphology of the TiO2 NPs remained largely unaffected after being
coupled with GO. The XRD analysis confirmed a pure tetragonal anatase phase, while the
TiO2-GO nanocomposite showed mostly anatase TiO2 and GO (with a lower intensity),
indicating a disruption of the regular GO stack by the intercalation of TiO2 NPs. Table 3
summarizes the experimental, morphological, and structural performances of reported
TiO2 nanostructures using the hydrothermal method.
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Table 3. A summary of synthesized TiO2 nanostructures using the hydrothermal method.

Chemicals Synthesis Conditions Structural and Morphological
Properties Ref.

Titanium glycolate
Distilled water

Autoclave temp: 180 ◦C—Time: 6 h
Washing: distilled water

Drying- Temp: 60 ◦C—Time: 2 h

Phase: tetragonal anatase
Morphology: aggregates, composed

of NPs
[81]

Titanium butoxide
Silver nitrate

Trini-nitrophenol nitric
Hydrochloric acids

DD water
Leucas aspera plant

Plant
Stirring: plant + DD water

Time: 30 min—Stored at temp: 5 ◦C
TiO2 preparation

Stirring time: 2 h—Temp: RT
Autoclave temp: 160 ◦C—Time: 15 h

Drying temp: 110 ◦C—Time: 10 h

Morphology: spherical shape
Particle size: 5 nm [84]

Deionized water
Aloe Vera gel

TTIP

Plant ectract
Stirring: aloe vera gel + DI water

Time: 1 h—Temp: 20 ◦C
TiO2 preparation

Autoclave temp: 180 ◦C—Time: 4 h
Drying temp: 80 ◦C

Calcination temp: 500 ◦C—Time: 5 h

Phase: anatase
Morphology: nanoparticles
Particle size: Around 6 to 13

[85]
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Table 3. Cont.

Chemicals Synthesis Conditions Structural and Morphological
Properties Ref.

Algal powder
Graphite powder

TTIP
Ethanol
DI water

Plant extract
Stirring: algal powder + DI water

Temp: 70 ◦C—Time: 30 min—Then filtered
TiO2 nanoparticle preparation
Stirring: algal extract + TTIP

Temp: 60 ◦C—Time: 4 h
Washing: DI water

Drying temp: 60 ◦C—Time: 12 h
Annealing temp: 600 ◦C—Time: 2 h

TiO2-GO nanocomposite preparation
Ultrasonic treatment: graphene oxide + DI

water + ethanol
Time: 1 h

Stirring: TiO2 NPs + GO—Time: 2 h
Autoclave temp: 120 ◦C—Time: 5 h

Washing: DI water + ethanol
Drying temp: 60 ◦C—Time: 15 h

TiO2
Phase: tetragonal anatase

Morphology: spherical
nanoparticles

Diameter: 50 nm

TiO2-GO
Morphology: TiO2 nanoparticles +

GO sheets

[86]

Tetrabutyl orthotitanate
Acetylacetone

Millipore water
Ammonia solution

Autoclavev temp: 170 ◦C—Time: 24 h
Washing: HCl, 2-propanol, and Millipore water

Drying temp: 120 ◦C—Time: 12 h
Calcination temp: 450 ◦C—Time: 1 h

Phase: anatase
Morphology: nanorods (NRs)

Length of NRs: 100 nm
Diameter of NRs: 30 nm

[87]

Titanium tetraisopropoxide
Deionized water

NaOH

Stirring time: 3 h
Autoclave temp: 180 ◦C—Time: 24 h
Washing: distilled water and ethanol

Drying temp: 80 ◦C—Time: 3 h
Annealing temp: 400 ◦C—Time: 5 h

Phase: anatase
Crystallite size: 14 nm (pH = 7) and

16 nm (pH = 9)
Morphology: nanorods with

rod-like morphology (pH = 7)
nanoplatelet-like structure (pH = 9)

[88]

TTIP
HNO3
NaOH

Stirring temp: 80 ◦C—Time: 6 h
Autoclave temp: 150 ◦C—Time: 60 min

Washing: water (Acidic medium)
Washing: HCl (alkaline medium)

Drying temp: 60 ◦C
Note: Teflon autoclave placed inside a
modified domestic microwave oven

Acidic medium
Phase: anatase + brookite + rutile

Crystallite size: 6.0 nm
Morphology: NPs

Particle size: 10 and 15 nm
Alkaline medium

Phase: anatase + brookite
Morphology: irregular spheres

[89]

TTIP
Ethanol

Distilled water

Stirring time: 30 min
Ultrasonic bath time: 20 min

Autoclave temp 150 ◦C—Time: 3 h
Washing: deionized water

Drying temp: 110 ◦C—Time: 5 h
Calcination temp: 500 ◦C—Time: 2 h

Phase: tetragonal crystal structure
Crystallite size: range of 31–42 nm

Morphology: spherical
nanoparticles

Particle size: range of 32–48 nm

[90]

C12 H28 O4 Ti
C2 H7 NO3

NaOH

Autoclave temp: 150 ◦C—Time: 20 h
Washing: distilled water

Drying temp: 60 ◦C—Time: 24 h—Treated with
HCl for 1 h

Washing: distilled water and ethanol
Drying temp: 100 ◦C—Time: 1 h

Calcination temp: 500 ◦C—Time: 1 h

Phase: anatase + rutile
Morphology: nanorod-like

structure
Diameters: 30–50 nm
Lengths: ≈1825 nm

[91]

Titanium powder
Distilled water

Autoclave temp: 75 ◦C—Time: 4 h
Washing: ethanol and water

Calcination temp: 500 ◦C—Time: 3 h

Phase: tetragonal
Morphology: semi-spherical NPs

Particle size: ≥50 nm
[92]
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Table 3. Cont.

Chemicals Synthesis Conditions Structural and Morphological
Properties Ref.

TTIP
Cobalt nitrate

Glacial acetic acid
Ethanol

Distilled water

Autoclave temp: 120 ◦C—Time: 5 h
Washing: ethanol

Drying temp: 60 ◦C
Calcination temp: 350 ◦C—Time: 2 h

Morphology: nanoparticles [93]

M. citrifolia extract
Ethanol

TiCl4

Plant extract
Stirring: leaves of M. citrifolia + ethanol

Time: 20 min—Temp: 50 ◦C—Stored at temp of
4 ◦C

TiO2 preparation
Autoclave temp: 120 ◦C—Time: 8 h

Drying temp: 100 ◦C—Time: 4 h

Phase: tetragonal crystal structure
Crystallite size: ≈10 nm

Morphology: quasi-spherical NPs
Particle size: from 10 to 20 nm

[94]

TTIP
Distilled water
Aloe vera gel
Silver nitrate

Plant extract
Stirring: aloe vera gel + DI water

Time: 2 h—Temp: 90 ◦C—Stored at temp of 4
◦C

TiO2 preparation
Stirring time: 1 h

Autoclave temp: 180 ◦C—Time: 24 h
Drying temp: 120 ◦C—Time: 2 h

Calcination temp: 500 ◦C—Time: 5 h

Morphology: nanorods
and nanoparticles [95]

3.3.2. Solvothermal Synthesis

Solvothermal and hydrothermal syntheses are similar processes, but solvothermal
methods utilize aqueous solutions of organic compounds as the solvents, such as ethanol
and ethylene glycol, while hydrothermal synthesis exclusively uses water as the solvent [17].
The use of an organic solvent allows for greater control over the reaction conditions, making
solvothermal synthesis a versatile and widely used technique for synthesizing nanoma-
terials. Additionally, an organic solvent can also play a role in the formation of the final
product, making it an important factor in the outcome of the synthesis process. Further-
more, the use of non-toxic solvents and non-corrosive solutions in green solvothermal
synthesis minimizes harm to the environment and conserves raw materials, making it a
sustainable and eco-friendly method.

Lu et al. conducted an experiment to explore how different solvents affect the
solvothermal synthesis of TiO2 nanoarrays on cordierite monolithic substrates [96]. They
chose six organic solvents and discovered that the dielectric constant of the solvents plays
a vital role in determining the TiO2 nanoarrays’ morphology and phase. The solvents
with moderate dielectric constants can dissolve partially in the aqueous phase, impacting
the reaction rate and promoting heterogeneous growth. The resulting samples show that
2-butanone, n-decane, n-hexane, and toluene produce nanoarray bundle structures with
vertically aligned nanorods and a rutile phase. In contrast, ethylene glycol and ethanol
produce nanosheet layers and nanoparticle films, respectively (Figure 24), with an anatase
phase. This study emphasizes the importance of solvent selection in controlling a sample’s
structure and phase. The best reactant combination is 2-butanone and TBOT, resulting in
uniform nanoarrays. The researchers also noted that 2-butanone and ethylene glycol are
considered green solvents due to their relatively low toxicity compared to other solvents.
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In another study, Alosfur et al. synthesized TiO2 nanorods by utilizing TTIP as the
precursor and ethylene glycol as the solvent in a solvothermal process at low temperatures
of 100, 140, and 180 ◦C [97]. The resulting sample was found to be composed of pure
anatase-phase TiO2 in a nanorod shape. However, an increase in synthesis temperature
above 140 ◦C led to a decrease in specific surface area.

Huang et al. synthesized TiO2 using a simple solvothermal method with different
solvents, including ethanol (EA), ethylene glycol (EG), and glycerol (GL). The XRD analysis
of the TiO2 samples prepared with different solvents revealed that all samples, before and
after calcination, exhibited the characteristic peaks of anatase TiO2. Interestingly, TiO2-EA
before calcination and EA-TiO2 after calcination also showed weak peaks corresponding
to the brookite crystal plane. In terms of morphology, the TiO2 remained irregular and
lump-like regardless of the solvent used. This suggests that the solvent employed does not
have a significant impact on the shape of TiO2 in this context. However, particle size varies
depending on the solvent used [98].

Use of hazardous hydrofluoric acid (HF) in the preparation of surface-fluorinated
anatase TiO2 nanosheets is a major obstacle for their commercialization. To address this
issue, a new facile, green, and fluorine-free solvothermal synthesis method has been
developed by Zulfiqar et al. [99]. In this method, N, N dimethylformamide (DMF) was
used as the morphology-controlling agent under an alkaline environment. This approach
provides an environmentally friendly alternative to the traditional synthesis methods
using HF.

4. Chemical/Gas-Sensing Applications

Gas sensing plays a crucial role in the monitoring of air quality and detection of
harmful gases in the environment. In recent years, TiO2 nanostructures have garnered
considerable interest in the gas-sensing arena due to their distinctive physical and chemical
properties. The numerous publications on TiO2 in various research fields over the past five
years attest to their potential. Despite this potential, the widespread utilization of 2D TiO2
nanostructures in gas sensing is still limited. This section aims to give a comprehensive
overview of recent advancements in TiO2 nanostructure applications for gas sensing,
emphasizing the benefits and limitations of this promising technology.
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4.1. Pristine Nanostructures

Zero-dimensional TiO2 nanostructures, such as quantum dots, nanospheres, and
nanoparticles, are regarded as the top choice for miniaturized and ultrasensitive chemical
reactions due to their ample specific surface area, which provides abundant adsorption
sites for gases [100]. For instance, Sugahara and colleagues demonstrated impressive
gas-sensing response and recovery times (1 s/1 s) toward propylene glycol at 350 ◦C with
anatase TiO2 nanospheres, which was attributed to their extensive surface area and highly
crystalline structure [101]. Additionally, TiO2 nanoparticles were shown to have a low
detection limit of 500 ppb when detecting acetone at 250 ◦C, thanks to their high surface
area of 25.2169 m2.g−1 and an average pore diameter of approximately 25 nm. Table 4
summarizes the gas-sensing performance of 0D TiO2 in recent publications.

Table 4. Gas-sensing functionality of 0D TiO2 nanostructures.

Material Method Temp
(◦C)

Gas Conc.
(ppm) Resp. Resp./Reco.

Time (s) LOD (ppb) Stab.
Repe. Ref.

TiO2 hydrothermal 270 500 C3H6O 9.19 a 10/9 500 10 days and
4 cycles [101]

7.5 mol%
Pd-TiO2

hydrothermal 400 3000 C4H10 39.63 a 13/8 N/A 30 days and
7 cycles [102]

C60–TiO2 sol–gel 150 100 CH2O 1.20 b 12/331 1000 N/A
3 cycles [103]

Au@TiO2 laser-irradiated 29
200 NH3 64 a 28/24 5000

90 days
N/A

[104]200 C2H4O 115 a 59/78 40,000
200 C6H6 19.76 a 39/26 50,000

Carbon
gel–TiO2

sol–gel RT 100 NH3 18.8 b 50/70 1550
150 days

and
5 cycles

[105]

TiO2/GO sol–gel RT/UV 1.75 NO2 1.17 a 35/90 50 N/A
N/A [106]

Au@TiO2 hydrothermal 275 100 C3H6O 13.9 a 11/14 N/A 30 days
N/A [107]

Mn@TiO2 hydrothermal RT 20 NH3 127.39 a 21/24 440 N/A
N/A [108]

C-TiO2 hydrothermal 170 100 C5H12O 11.12 a 100/675 500
120 days

and
10 cycles

[109]

Co@TiO2 wet chemical RT 50 NH3 14 a 25/48 1000 30 days
N/A [110]

0.01 wt%
PANI- 0.1

NiO–0.9 TiO2

sol–gel 25 50 C3H6O 10.3 b 150/290 176.2
6 months

and
4 cycles

[111]

a—Ra/Rg, b—(Ra-Rg)/Ra.

The utilization of 1D TiO2 structures, such as nanowires and nanotubes, in gas sensing
has demonstrated promising outcomes and can be optimized for even better performance
(Table 5). To this end, innovative techniques, such as doping, decoration, and heterostruc-
tures, have been introduced to augment the capabilities of 1D TiO2 gas sensors. These
sensors have a wide range of potential applications, ranging from environmental monitor-
ing to industrial process control and health and safety. This highlights the significance of
1D TiO2 gas sensors as a promising technology for sensing various gases, including volatile
organic compounds (VOCs), nitrogen oxides (NOx), and others [112–116].
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Table 5. Gas-sensing functionality of 1D TiO2 nanostructures.

Material Method Temp.
(◦C)

Gas Conc.
(ppm) Resp. Resp./Reco.

Time (s)
LOD
(ppb)

Stab.
Repe. Ref.

TiO2 NWs Hydrothermal RT 100
NO2

3.1 a 10/19 N/A 20 days
N/A [81]

SnO2@TiO2 NRs Hydrothermal 100 500
H2

15.4 a 11/132 N/A N/A
4 cycles [115]

TiO2 NWs Sol−gel dip
coating 340 100

C2H5OH 9.2 a 13/46 N/A 50 days and
5 cycles [117]

TiO2 NFs Hydrothermal 23 60
CH4

57 a 66/162 250 N/A
N/A [118]

6 mol%
Nb2O5-TiO2 NFs Electrospinning 250 500

C2H5OH 21.6 a N/A 41 20 days
N/A [119]

0.5 at% Ag/TiO2
NRs

Facile
hydrothermal 375 100

C8H10
6.5 a 5/2 N/A 15 days and

3 cycles [120]

TiO2 NWs Electrospinning 400 500
C2H5OH 11.9 a 8/1 N/A N/A

N/A [121]

Nb @ TiO2 NTs Anodic oxidation 200 120
H2

28.4 b 930/300 N/A N/A
N/A [122]

CuO-TiO2 NTs Anodization 200 1000
H2

2 d 444/408 N/A N/A
N/A [123]

Na0.23TiO2/TiO2
NTs Hydrothermal RT 10

NOX
5.9 a 7/N/A 1.8 60 days and

4 cycles [124]

C(60) 0.02 w% @
TiO2 NTs Anodization 150 100

CH2O 0.9 a 4/7 100 23 days and
3 cycles [125]

TiO2 NTs Anodization 300 50
H2S 26 a 22/6 N/A 70 days

N/A [126]

TiO2 NRs Hydrothermal RT 60
CH4

6028 a <70/<70 329 30 days and
3 cycles [127]

TiO2 NRs Hydrothermal 100 150
H2

0.53%b 85/620 N/A N/A
N/A [128]

Co3O4@TiO2
porous NFs Hydrothermal 250 100

C3H6O 71.88 a 122/351 N/A 30 days and
20 cycles [129]

TiO2 NRs Hydrothermal 320 100
C3H6O 12.3 a 3/292 N/A 25 days and

6 cycles [130]

Ag@TiO2 NRs Hydrothermal 200 3.8
C3H6O 7.31 d 1380/2280 65 N/A

N/A [131]

SnO2@TiO2 NFs Facile
electrospinning 240 100

C2H5OH 9.53 a 8/10 N/A 40 days
N/A [132]

SnO2@TiO2 NTs Anodization 250 1000
H2

1410 a 2/~400 120,000 9 days and
5 cycles [133]

Pd/RGO/TiO2
NTs Anodization 50 700

CH3OH 0.96 b 11/15 N/A 6 days and
3 cycles [134]

TiO2/α-Fe2O3
NRs Hydrothermal 225 100

C3H6O 21.9 b 12/9 36 30 days and
5 cycles [135]

PANI/TiO2 NRs Hydrothermal RT 30
C4H9NO 6.36 a 100/349 50 30 days and

5 cycles [136]

PANI/TiO2 NFs Electrospining RT/UV
assisted

1
NH3

1.09 c 63/37 50 60 days and
4 cycles [137]

a—Ra/Rb, b—(Ra-Rg)/Ra, c—(Rg-Ra)/Ra, d—(Ig-Ia)/Ia.

Typically, the response of sensors intensifies as the concentration of the target gas
increases. The surface state, morphology, catalytic activity, and spillover effect also play
crucial roles in enhancing the key functions of a sensor, including its response. For instance,
TiO2 nanotree arrays exhibit exceptional ethanol-sensing response (9.2) compared to TiO2
nanowires due to their larger specific surface area and resultant active sites, accessible chan-
nels for gas flow, and potential barriers established by phase junctions at the trunk/branch
interface [117]. Similarly, Tshabalala et al. demonstrated excellent CH4 sensing response in
TiO2 nanofiber due to its impressive high surface area (1375.238 m2/g) and the presence
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of anatase phase (55%) [118]. Table 5 summarizes gas-sensing performances of 1D TiO2
nanostructures in recent publications.

Two-dimensional TiO2 nanostructures include nanosheets, nanoplates, and thin films,
which possess specific advantages in gas-sensing applications compared to other low-
dimensional nanostructures, as outlined below (I–IV). As a result, 2D TiO2 has been
fabricated for gas-sensing applications.

I. The large surface area and high surface-to-volume ratio enable a greater number of
atoms to interact with the atmosphere.

II. Higher mechanical stability.
III. With a relatively larger lateral size, 2D nanostructured materials provide a more

conformal contact with electrodes compared to other low-dimensional nanostructures.
IV. The possibility of assembling into three-dimensional (3D) architectures.

In this context, Liu and colleagues demonstrated an improvement in the sensor re-
sponse to ethanol by increasing the exposure of the {001} crystal plane to ethanol in TiO2
nanosheets. This enhancement was attributed to the transformation of oxygen species from
O− to O2− when increasing the exposure of the {001} crystal plane [138,139] (Figure 25).
Furthermore, the proton transfer mechanism between ethanol molecules and adsorbed wa-
ter molecules on the surface of TiO2 nanocrystals significantly influences the conductance
type, altering it from the typical n-type to an unusual p-type behavior when operated at
temperatures below 120 ◦C [140]. In line with this, Wang and colleagues demonstrated
the impact of the {110} facet on the surface area on gas-sensing performance [141]. Ad-
ditionally, the facilitation of gas diffusion and electron transfer in hierarchical structures
led to a quick response. Anatase and rutile are the most common forms of TiO2, and
numerous nanostructures have been created using each form. Combining these two forms
improves ethanol-sensing properties, as shown by Zhang et al. [142]. The prepared A@R-
TiO2 nanosheets, which are composed of anatase TiO2 (A-TiO2) nanosheets with rutile shell
layers of 5 nm thickness, show four times better response to ethanol compared to A-TiO2
nanosheets when operated at 270 ◦C. This is due to the formation of TiO2 polymorphism
junctions, which leads to electron transfer from the inner anatase cores to the outer rutile
shells and increased concentration of active O− species on the rutile shells, thus greatly
improving the ethanol-sensing properties of the A@R-TiO2 nanosheets. Moreover, the
distinct core–shell design featuring an enlarged surface area plays a role in elevating the
resistance modulation and ethanol-sensing abilities of the A@R-TiO2 nanosheets. The
increased surface area is also a factor leading to the improved resistance modulation and
enhanced ethanol-sensing capabilities of the A@R-TiO2 nanosheets.

Nanomaterials 2023, 13, x FOR PEER REVIEW 30 of 48 
 

 

rutile shells and increased concentration of active O− species on the rutile shells, thus 
greatly improving the ethanol-sensing properties of the A@R-TiO2 nanosheets. Moreover, 
the distinct core–shell design featuring an enlarged surface area plays a role in elevating 
the resistance modulation and ethanol-sensing abilities of the A@R-TiO2 nanosheets. The 
increased surface area is also a factor leading to the improved resistance modulation and 
enhanced ethanol-sensing capabilities of the A@R-TiO2 nanosheets. 

 
Figure 25. Both p-type and n-type sensing responses are revealed to be facet-dependent, demon-
strating an obvious increase in response with increasing {001} percentage. Reprint from [140]. 

The ability to respond quickly and accurately is crucial for high-performance gas sen-
sors, especially in applications such as breath acetone sensing. In this regard, Wanyin and 
colleagues reported the potential of detecting acetone in a mere 0.75 s with hierarchical 
TiO2 nanosheets [143]. Their study revealed that the surface area and the pore size of the 
sensing materials have a significant impact on performance. With a high specific surface 
area of 71.8 m2.g−1 and an average pore size of 21.3 nm, the plate-like TiO2 nanosheets 
demonstrated excellent acetone-sensing capabilities. The sensors also showed good re-
sponse at high relative humidity levels, though a 25% drift in response was observed at 
90% humidity due to the absorption of H2O molecules on the porous TiO2 surface. The 
gas-sensing properties of 2D TiO2 nanostructures are summarized in Table 6. 

Table 6. Gas-sensing functionality of 2D TiO2 nanostructures. 

Material  Method 
Temp. 

(°C) 
Gas Conc. 

(ppm) Resp. 
Resp./Reco. 

time (s) 
LOD 
(ppb) 

Stab. 
Repe. Ref. 

TiO2 (NSs) Hydrothermal 310 
500 

C2H5OH 25.4 a  N/A/N/A 1.4 
N/A 
N/A [139] 

         

Core–shell TiO2 (NSs) Hydrothermal 270 500 
C2H5OH 

43.9 a  N/A/N/A 5.7 30 days 
N/A 

[142] 

Porous TiO2 (NSs) Hydrothermal 400 200 
C3H6O 21.6 a  0.75/0.5 500 150 days 

N/A [143] 

SnO2/TiO2 (NSs) Solvothermal 300 
100 

C6H15N 19.8 a 8/N/A N/A 
60 days 

N/A [144] 

Hierarchical TiO2 
(NSs) 

Hydrothermal 25 50 
NH3 

122.6 a  53/23 500 N/A 
5 cycles 

[145] 

Fluorine-doped TiO2 
(NSs) Hydrothermal 25 

100 
C3H6O 5.95 b 160/220 N/A 

35 days 
and 

5 cycles 
[146] 

Au5%@TiO2 (NSs) 
Facile and in situ 

process 25 
50  

NH3 71.8 a,  38/168 5000 
16 days 

and [147] 

Figure 25. Both p-type and n-type sensing responses are revealed to be facet-dependent, demonstrat-
ing an obvious increase in response with increasing {001} percentage. Reprint from [140].



Nanomaterials 2023, 13, 1424 30 of 46

The ability to respond quickly and accurately is crucial for high-performance gas
sensors, especially in applications such as breath acetone sensing. In this regard, Wanyin
and colleagues reported the potential of detecting acetone in a mere 0.75 s with hierarchical
TiO2 nanosheets [143]. Their study revealed that the surface area and the pore size of the
sensing materials have a significant impact on performance. With a high specific surface
area of 71.8 m2.g−1 and an average pore size of 21.3 nm, the plate-like TiO2 nanosheets
demonstrated excellent acetone-sensing capabilities. The sensors also showed good re-
sponse at high relative humidity levels, though a 25% drift in response was observed at
90% humidity due to the absorption of H2O molecules on the porous TiO2 surface. The
gas-sensing properties of 2D TiO2 nanostructures are summarized in Table 6.

Table 6. Gas-sensing functionality of 2D TiO2 nanostructures.

Material Method Temp.
(◦C)

Gas Conc.
(ppm) Resp. Resp./Reco.

Time (s)
LOD
(ppb)

Stab.
Repe. Ref.

TiO2 (NSs) Hydrothermal 310 500
C2H5OH 25.4 a N/A/N/A 1.4 N/A

N/A [139]

Core–shell TiO2 (NSs) Hydrothermal 270 500
C2H5OH 43.9 a N/A/N/A 5.7 30 days

N/A [142]

Porous TiO2 (NSs) Hydrothermal 400 200
C3H6O 21.6 a 0.75/0.5 500 150 days

N/A [143]

SnO2/TiO2 (NSs) Solvothermal 300 100
C6H15N 19.8 a 8/N/A N/A 60 days

N/A [144]

Hierarchical TiO2 (NSs) Hydrothermal 25 50
NH3

122.6 a 53/23 500 N/A
5 cycles [145]

Fluorine-doped
TiO2 (NSs) Hydrothermal 25 100

C3H6O 5.95 b 160/220 N/A 35 days and
5 cycles [146]

Au5%@TiO2 (NSs)
Facile and in
situ process 25 50

NH3
71.8 a 38/168 5000 16 days and

5 cycles [147]

Porous Pd@TiO2 (NSs) Template
assisted 230 1000

H2
9 a 1.6/1.4 1000

100 days
and

5 cycles
[148]

TiO2@NGQDs (NPTs) Hydrothermal 250 100
NO 2.23 b 235/285 N/A N/A

N/A [149]

Ag@TiO2 (NSs) Hydrothermal 300 100
C2H5OH 8.5 a 9/10 N/A 30 days and

5 cycles [150]

a—Ra/Rg, b—(Rg-Ra)Ra.

4.2. Advanced Techniques to Enhance Gas-Sensing Functionality

To improve gas-sensing capabilities, innovative methods are utilized, such as doping,
decoration, carbon composites, and heterostructures. A brief overview of each of these
techniques is mentioned below.

4.2.1. Doping

Elemental doping is a process that adds elements to the crystal lattice of metal oxides
(MOXs) through ion substitution. This results in changes to the original MOX properties
and creates surface defects, reducing the grain size and increasing the active surface sites,
which are more receptive to gas adsorption and reaction [151]. Additionally, the grain size
and electronic band of nanomaterials are determined by the location of the defect sites
and the host or doping ions, which affects the resistance of the sensing layer. Substituted
atoms can also serve as active sites for gas adsorption. In other words, surface impurities,
defects, and doping ions that generate adsorption sites can result in extrinsic electronic
states [152–154].

In particular, TiO2 can be doped with metal (such as Co, Nb, Mn, Cu, and Ni) or
non-metal dopants (such as C, F, and N) [155]. Studies have shown that metal doping can
enhance the gas response and selectivity of TiO2 by altering phase transformation, surface
potentials, chemical activity, amount of adsorbed oxygen ions, and regulating charge carrier
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concentration [156,157]. On the other hand, non-metal doping has been shown to alter the
band gap of TiO2, support the formation of oxygen vacancies and active functional groups,
enhance catalytic activity, and increase charge carrier concentration [158–161].

Zhong and colleagues showed that adding 10% ZnO to TiO2 nanoparticles improved
the sensitivity toward acetylene by 110% when compared to pure TiO2 NPs, and shortened
the response time by 30% [162]. Similarly, the addition of 2 mol% Ag to TiO2 NPs led to
a three-fold increase in the response to acetone, which was attributed to the electronic
sensitization caused by the presence of Au [107] (Figure 26). Tshabalala and colleagues
reported a six-fold increase in the sensor signal toward NH3 when 1.0 mol% Mn was
added to TiO2 [108]. This improvement was a result of enhanced surface activity, higher
concentration of Ti3+, and the presence of singly ionized oxygen vacancies. The doping
of TiO2 nanoparticles with 20% Co2+ in cobalt nitrate resulted in a 7-fold increase in the
response to 50 ppm NH3 compared to pure TiO2. The Co-doping introduced defects in
the TiO2 lattice, reducing the band gap by 72% to 0.72 eV, thereby providing more active
and reactive sites for TiO2 and leading to improved gas-sensing performance at room
temperature [110]. Furthermore, doping TiO2 NPs with 15% Co3O4 (0.85 TiO2-0.15 Co3O4)
resulted in a six-fold increase in the response to acetone (50 ppm) when operating at room
temperature, and a three-fold increase under UV light exposure (360 nm). Loading with
PAN (0.01 wt%) further improved the response by 2 times and maintained the sensor
properties for 12 months [163]. On the other hand, doping 5% Cr into TiO2 NPs improved
the stability of the sensors [164]. Carbon (C) doping, a non-metallic doping approach,
has been well studied on TiO2 NPs for tuning their sensitivity to acetone [163]. In this
case, C-doped TiO2 NPs (diameter 30 nm) showed an excellent response (5.4 times higher
than pure TiO2) toward 100 ppm n-pentanol when operating at 170 ◦C, with the response
increasing with the length of the carbon chain (CH3(CH2)n−1OH, n = 1–6) due to the
increasing dissociative adsorption energy of CH3(CH2)n-1OH (n = 1–5). Additionally, Pd
doping in CoTiO3/TiO2 (Pd-CTT) nanocomposite showed a 4-fold increase in response
to benzene, compared to being undoped, at room temperature due to the formation of
CoTiO3/TiO2 p–n heterojunction and the catalytic action of Pd [165].
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Figure 26. The dynamic response curves of sensors based on TO, TOA1, TOA2 (a), TOA3, and TOA5
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The response and recovery times of TO, TOA1, TOA2 (b), TOA3, and TOA5 (d) are shown in the
figure. Reprinted from [107].
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Pristine TiO2 gas sensors face limitations in some gas-detection processes due to the
high working temperatures required. Furthermore, high relative humidity also greatly
affects the performance of metal oxide sensors. However, Na0.23TiO2/TiO2 NTs show
exceptional NOx-sensing capabilities, even at 80% relative humidity [124]. These sensors
have also demonstrated a seven-fold higher response compared to commercially available
TiO2 particles. This improved performance can be attributed to the high concentrations of
vacant (41.56%) and adsorbed (33.35%) oxygen, a large specific surface area (99.3 m2.g−1),
and a small pore size (7 nm) in the material, as well as the formation of p–n heterojunctions
between Na0.23TiO2/TiO2 and TiO2. Similarly, 0.1 M Co-doped TiO2 NTs show a 7.6-fold
higher response to 500 ppm H2S compared to undoped TiO2 NTs [166].

Meanwhile, fluorine-doped TiO2 nanosheets demonstrate superior acetone-sensing
functionality at room temperature compared to undoped TiO2 nanosheets due to the large
specific surface area, formation of active functional groups, abundant oxygen vacancies,
and high electron mobility [146].

4.2.2. Loading/Decoration/Functionalization

Noble metal loading or surface decoration of MOXs is another method to improve their
gas-sensing properties. This is achieved through chemical or electronic sensitization [16,167].
Chemical sensitization increases the ability of MOXs to adsorb oxygen molecules, which
speeds up the reaction between the adsorbed oxygen and reducing gas molecules. Further-
more, the addition of a loading metal in some instances can result in a catalytic effect. This
occurs when gas molecules are adsorbed and activated on the surface of the loading metal,
leading to fast oxidation–reduction reactions with the adsorbed oxygen, thereby improving
the sensing performance. Electron sensitization refers to the alteration of electron distribu-
tion in MOXs (TiO2) due to the different work functions between noble metals and MOXs.
This results in the transfer of electrons between a noble metal and MOXs until they reach a
balanced state, creating a new Fermi level [168]. This leads to a depletion of electrons on
the surface of both the noble metal and MOXs, increasing the resistance at the interface
between them in air and making the interface more responsive to resistance changes when
a target gas is present (Figure 27) [15].
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The sensitivity and selectivity of TiO2 NRs toward xylene are significantly improved
when incorporating 5% of Ag due to the catalytic activity of Ag, which boosts the reactions
between xylene molecules and adsorbed oxygen ions [120]. Mintcheva and colleagues
showed that the selectivity of TiO2 nanoparticles toward ammonia, acetaldehyde, and
benzene can be adjusted based on the degree of Au loading [104]. On the other hand, Lee
and colleagues demonstrated excellent gas-sensing properties of TiO2 NPs decorated with
NiO and PANI. The sensor showed a detection limit of 176.2 ppb under UV irradiation
with a stability of up to six months, which were attributed to the creation of heterojunctions
due to the loading of p-type materials, the catalytic effect of NiO upon its reaction with
acetone molecules, the conversion of Ni ions resulting in additional oxygen adsorption,
and the impact of UV illumination on PANI [111]. Chen et al. also showed the tunability of
butane-sensing response based on the molar percentage of Pd on TiO2 NPs [102].

Xun et al. demonstrated a significant improvement in hydrogen (H2) sensing with
SnO2-decorated TiO2 nanotubes. These nanotubes had a diameter of 3–8 nm and were placed
within TiO2 nanotubes with an inner diameter of 100 nm, a wall thickness of 10–20 nm,
and a length of 3–4 um. The H2 sensing was found to be 30 times higher compared to
pristine TiO2 nanotubes, and the optimal operating temperature was decreased by 75 ◦C to
325 ◦C. Additionally, the response and recovery times were sped up by two times. These
excellent results were attributed to the synergistic effect of hydrogen chemisorption, the
large surface area, the nano-sized tube walls, the inter-wall connecting points, and the
formation of heterojunctions at the interface between SnO2 and TiO2 [133]. Additionally,
Chen et al. demonstrated a 1.89-fold increase in sensitivity and long-term stability in
TiO2 nanofibers decorated with SnO NPs (50 nm in diameter) compared to pristine TiO2
NFs [132]. Furthermore, decorating TiO2 (rutile) nanorods (100 nm in diameter and 4.5 µm
in length) with Pd (12.18 atomic%) resulted in a 35-fold increase in response to 1000 ppm
H2 at 200 ◦C, compared to pristine TiO2 NRs. This enhancement was attributed to the
spillover effect, the catalytic activity of the Pd particles (which enhanced the adsorption
and desorption of O2), the electron sensitization, the formation of Pd hydride, and the
enhancement of hydrogen absorption by Pd (acting as a hydrogen collector) [169].

Meanwhile, Alp et al. demonstrated that Ag loading on TiO2 NRs greatly improved
the sensitivity and specificity for acetone. The catalytic effect of Ag on the surface of
TiO2 NRs also decreased the operating temperature. The Ag-loaded TiO2 NR sensor
showed a response for 65 ppb of acetone, while no response was observed from the pristine
TiO2 NRs at the optimal operating temperature of 200 ◦C. Furthermore, the Ag-loaded
TiO2 NRs demonstrated highly selective and sensitive acetone-sensing performance at
100 ◦C [131]. Cai et al. showed that by decorating TiO2 porous nanofibers with Co3O4
NPs, the sensitivity toward acetone could be significantly improved by over 9.3 times
compared to pristine TiO2 [129]. Additionally, the response and recovery times were
shortened by 11.4% and 13%, respectively. These enhancements were attributed to the
formation of p–n heterojunction at the interface, the catalytic activity of Co3O4, and the
grain boundaries between subgrains of TiO2 NFs. Meanwhile, Gakhar et al. reported a
93% increase in formaldehyde response through functionalizing TiO2 NTs with fullerene
(C60) [127]. Additionally, C60-TiO2 nanotube composites, which featured an increased
surface area and a highly reactive surface, led to a rapid response time of 4 s and a recovery
time of 7 s. Zhao et al. showed that incorporating 1–3 layers of MoS2 nanoflakes into
TiO2 nanotubes greatly enhanced the sensitivity toward ethanol, resulting in an 11-fold
improvement compared to pure TiO2 nanotubes [170]. The improvement in the gas-sensing
performance was credited to the synergistic interaction between MoS2 and TiO2, the creation
of p–n heterojunctions, and the elevated surface area. Similarly, incorporating 6 mol%
Nb2O5 into TiO2 NFs (Nb2O5-TiO2) enhanced the ethanol-sensing response by 2.79 times
when compared to pure TiO2 NFs. This was because the incorporation of Nb2O5 led to a
decrease in the average grain size and an increase in the specific surface area of Nb2O5-TiO2,
compared to pure TiO2 nanofibers [119]. Additionally, the sensors were able to operate at a
temperature that was 50 ◦C lower than that of pure TiO2 due to a decrease in resistance in



Nanomaterials 2023, 13, 1424 34 of 46

the Nb2O5-TiO2 sensors. This reduction was attributed to the substitution of Ti4+ ions with
Nb5+ ions and the formation of n–n junctions between Nb2O5 NPs and TiO2 NPs.

Wen et al. demonstrated that decorating TiO2 NSs with Ag NPs (5% mass ratio:
AgNPs/TiO2 NSs) led to a high sensitivity toward NH3 when operating at room temper-
ature. The Ag@TiO2 sensor was found to have 3 times higher response toward 50 ppm
NH3 compared to pristine TiO2 NSs. The sensor demonstrated excellent performance even
at 90% relative humidity (RH%). These exceptional gas-sensing properties, which were
attributed to an increase in reactive sites, an acceleration of electron transfer onto the TiO2
surface, the spillover effect, and the synergistic effect due to Ag NP decoration, were further
supported by [147].

Pd nanocrystal-loaded (1.5 wt%) TiO2 porous nanotubes (diameter 3–8 nm) showed
fast response and recovery times (1.6 s and 1.4 s, respectively) toward hydrogen (H2)
when operating at 230 ◦C (Figure 28) [148]. The high surface area (90.33 m2.g−1), the
open pores, the short channel length, and the formation of p–n heterojunction (PdO/TiO2)
were all contributing factors to the excellent H2-sensing properties. Furthermore, this
study revealed a higher potential of chemical adsorption of H2 and oxygen (absorption
energy of −1.22 eV and −2.37 eV, respectively) on the PdO/TiO2 surface compared to TiO2
(absorption energy of −1.04 eV and −1.91 eV, respectively), making it easier for H2 to react
with the chemisorbed oxygen on the PdO/TiO2 surface.
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based on Pd/TiO2 NS toward 1000 ppm H2 when operating at 230 ◦C. Reprinted from [148].

4.2.3. Heterojunctions/Heterostructures

TiO2 is generally an n-type semiconducting material with a relatively high level of gas
sensitivity compared to p-type materials. However, studies on p-type materials, such as
Co3O4 and Bi2O3, have shown that they offer exceptional gas-sensing capabilities at low
operating temperatures, with enhanced selectivity and stability [171]. The combination
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of different metals in heterojunctions, referred to as n–n, n–p, and p–p heterojunctions
(Figure 29) [172], enhances selectivity and other important gas-sensing parameters. When
two materials form a heterostructure connection, their Fermi levels (EF) align, causing
electrons with higher energy to flow to unoccupied lower-energy states until a balance is
reached. This creates a depleted zone of charge carriers at the interface (depletion region).
The difference in the original Fermi levels between the materials produces a potential energy
barrier at the interface, leading to higher resistance at the junction in air and heightened
sensitivity toward the presence of analyte gas.
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The ability to change between n-type and p-type semiconductor characteristics was
demonstrated in hierarchical NiO (111)/TiO2 (002) junction by adjusting the thickness
of NiO NSs. For instance, NiO NSs with a 367.1 nm pore size and a 20 nm thickness
on TiO2 NRs exhibited n-type behavior during hydrogen sensing, while a pore size of
232.7 nm and a thickness of 1585 nm resulted in p-type semiconducting characteristics [173].
Furthermore, TiO2/α-Fe2O3 n–n junction arrays, with α-Fe2O3 branches adorning TiO2
NRs, showed a significant increase in response to 100 ppm acetone at 225 ◦C compared
to pure TiO2 NRs. The increase in response was attributed to the increased surface area
(10.49–16.78 m2.g−1) due to the α-Fe2O3 branches, the synergistic effect of oxygen adsorp-
tion and electron transport, the additional pathway for electron transfer, and the formation
of an n–n junction [135]. Alev showed considerable enhancement in hydrogen sensing
at 200 ◦C in a p-Co3O4-n-TiO2 nanotube structure compared to a pristine TiO2 nanotube.
This enhancement was due to the catalytic nature of Co3O4 and the creation of a p–n
junction at the boundary between Co3O4 and TiO2, altering the electrical properties of
the device [174]. Consequently, the CuO thin film/TiO2 nanotube structure displayed
enhanced performance in hydrogen sensing, while boasting a low operating temperature,
low detection limit, and high sensor response compared to both standalone TiO2 NTs
and CuO thin film. The heterostructure not only improved hydrogen sensing but also
significantly diminished the response to volatile organic compounds and nitrogen dioxide.
The improved sensing properties were credited to the heterojunction created between the
CuO thin film and TiO2 nanotubes [123]. Li et al. showed that SnO2@TiO2 heterostructured
NRs had quicker response time (11 s) and recovery time (132 s), as well as superior stability
and specificity in detecting hydrogen (H2) at 100 ◦C in comparison to pure TiO2 nanorods.
(Figure 30) [115]. The enhancement was credited to the enlargement of NR diameter from
160 nm to 190 nm through the dispersal of 7 nm SnO2 NPs on the cross-linked areas of
neighboring TiO2 nanorods, leading to the modulation of the conduction path, potential
barrier, and chemical/electron sensitization. Similarly, Wang and colleagues showed an
8-fold increase in response and quick response/recovery time for detecting acetone at
300 ◦C in SnO2 NPs-TiO2 NB structures compared to TiO2 NBs [175]. The elevated sensitiv-
ity of the SnO2/TiO2 sensor was a result of the large surface area provided by SnO2 NPs,
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and the fast response/recovery time was attributed to the fast carrier transport speed along
the one-dimensional axis of the TiO2 NBs.
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Metal oxide incorporation is another technique to enhance gas-sensing properties.
For instance, embedding SnO2 clusters into TiO2 nanosheets forms heterojunctions, as
well as changing the reactive active sites and the surface area [144]. Haidry et al. showed
an 8.5-fold enhancement toward 100 ppm ethanol in Ag/TiO2 heterojunction compared
to that of TiO2 nanosheets (100 nm) [150]. Additionally, the sensors demonstrated fast
repose/recovery times of (9/10 s), which were ascribed to the strongly coupled Ag/TiO2
nanocomposites, with metallic Ag NPs being supported or partly encapsulated by the
single-crystal TiO2 nanosheets (≤10 nm) through an intimate contact interface.

4.3. Carbon Hybrids

The exceptional and distinctive characteristics of carbon-based materials, such as
carbon nanotubes, graphene, and graphite, provide a major advantage in the creation
of advanced composites. The effectiveness of these materials as a matrix component is
largely determined by the interaction between the matrix and other materials. Typically,
the integration of C-based materials into MOX structures leads to the conversion from
n-type to p-type or the formation of a p–n junction, making active sites available for gas
adsorption and creating the desired depletion layer [176].

Combining TiO2 with carbon materials, such as graphene and CNTs, is a promising
way to improve the gas-sensing properties of TiO2-assisted sensors. [177]. Accordingly,
combining TiO2 with carbon materials, such as graphene and carbon nanotubes, has been
found to be an effective method for enhancing the gas-sensing properties of TiO2-assisted
sensors [178,179]. Additionally, the fabrication of a hybrid structure based on p-type
reduced graphene oxide (RGO) and n-type metal oxide leads to the formation of a p–n
heterojunction, which increases the Schottky barrier and enhances the gas-sensing response
of the material [122]. Preparing hybrids has several benefits for gas sensors, including
higher charge transfer rates [180,181], improved charge carrier transport [182,183], and
ability to construct heterojunctions [184].

Ramos and colleagues showed that the response of carbon gel–TiO2 nanocomposites
increased with the weight percentage of TiO2 in the composites. The highest response
was achieved with 80 wt% of TiO2 NPs (20–30 nm, rutile) in the composites for detecting
NH3 at room temperature. Additionally, the response of the sensors was improved by UV
illumination [105]. As a result, the TiO2/graphene hybrids demonstrated two times higher
response to NO2 compared to pure TiO2 nanoparticles when operating at room temperature
with the illumination of 180 mW UV light. This enhancement was achieved due to the
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well-connected graphene sheets that promote electronic transport, thus increasing the
carrier generation and photo-dissociation of the target gas along with UV irradiation [106].

Furthermore, the combination of C60 with TiO2 NPs (150 nm) resulted in improved
response and quick response time toward formaldehyde detection compared to pure TiO2
NPs (18 nm) and C60-functionalized TiO2 NPs. The improvement in sensing performance
was attributed to the increased reactivity of C60 and the synergistic effect of both C60 and
TiO2 nanoparticles, as well as the fast electron exchange between the ambient conditions
and TiO2 [122].

Combining conductive polymers with MOXs is a feasible solution to lower the operating
temperature. For example, PANI/TiO2 NR composite demonstrated remarkable detection
of dimethylamine (DMA) with a response of 6.36 for 30 ppm at room temperature, which
was significantly better than the response of 1.47 for pure TiO2 NR arrays [136]. This was
attributed to the distinctive morphology structure and the formation of p–n heterojunctions at
the interface between the PANI and TiO2 nanorod arrays, which enhanced the gas-sensing
capability. Similarly, Safe et al. reported that the response and recovery time for NH3 sensing
were improved by five times in TiO2 (30% rutile and 70% anatase)/PANI core–shell (thickness
of 20 nm) nanofibers (diameter of 360 nm) with UV irradiation compared to those without
UV irradiation [137]. Moreover, the sensor exhibited p-type gas-sensing properties with
remarkable sensitivity, even at a humidity of 99 RH%. This was attributed to the conducting
dominance of the p-type PANI shell instead of the n-type TiO2.

Additionally, the incorporation of Nb into TiO2 nanotube hybrid (reduced graphene
oxide, RGO) and the degree of reduction and concentration of RGO have a significant im-
pact on enhancing gas-sensing selectivity due to the catalytic role of RGO (Figure 31) [122].
Besides secondary hybrids, ternary hybrids are also gaining attention as gas-sensing capabil-
ity can be further improved by the addition of a third element. For instance, Pd/RGO/TiO2
NTs ternary hybrid utilized the individual contributions of TiO2 nanotubes (density of
50–62 um−2, primary sensing element), RGO (high-mobility distributed connector), and Pd
nanoparticles (diameter of 6–16 nm, enhance sensing performance through catalytic effect)
in a synergistic manner. The developed ternary hybrid structure demonstrated outstanding
sensing performance in terms of response magnitude (96% toward 1000 ppm methanol)
and response/recovery times (11 s/15 s) [134].

Nanomaterials 2023, 13, x FOR PEER REVIEW 38 of 48 
 

 

Pd/RGO/TiO2 NTs ternary hybrid utilized the individual contributions of TiO2 nanotubes 
(density of 50–62 um−2, primary sensing element), RGO (high-mobility distributed con-
nector), and Pd nanoparticles (diameter of 6–16 nm, enhance sensing performance 
through catalytic effect) in a synergistic manner. The developed ternary hybrid structure 
demonstrated outstanding sensing performance in terms of response magnitude (96% to-
ward 1000 ppm methanol) and response/recovery times (11 s/15 s) [134]. 

 
Figure 31. (a) Response of RGO/Nb–TiO2 (prepared using 9 ng/mm2 GO, optimal composition), Nb–
TiO2 NTs, and RGO (prepared with 9 ng/mm2 GO) toward C3H6O (120 ppm), H2 (120 ppm), CO (120 
ppm), and NH3 (30 ppm) at their optimal working temperature (200 °C). (b) Response ratio calcu-
lated as the response toward H2 (120 ppm) with respect to C3H6O (120 ppm), CO (120 ppm), and 
NH3 (30 ppm) for RGO/Nb–TiO2 (prepared using 9 ng/mm2 GO), Nb–TiO2, RGO/TiO2 (prepared 
with 4.5 ng/mm2 GO, the optimal composition of RGO/TiO2), and pristine TiO2 samples at an oper-
ating temperature of 200 °C. The RGO/Nb–TiO2 hybrid material (prepared with 9 ng/mm2 GO) is 
not sensitive toward C3H6O at the optimal operating temperature, so we can only provide a lower 
bound for the response ratio: >280 means that the response of RGO/Nb–TiO2 (prepared using 9 
ng/mm2 GO) toward C3H6O is 0.1 when calculating the H2/C3H6O response ratio. Reprinted from 
[122]. 

Consequently, Wand and colleagues showed that TiO2 nanosheets with an exposed 
{001} facet has excellent acetone-sensing performances compared to TiO2 nanorods with 
an exposed {110} facet because of the high-energy {001} [185,186] crystal facets of TiO2 and 
TiO2/SiC heterojunctions [183]. Murali et al. found a 4.8-fold enhancement in the response 
toward 100 ppm NO in TiO2@NGQDs compared to pristine TiO2 nanoplates (length of 42 
nm and thickness of 4.2 nm) [149]. In this case, decorating the {001} facets of the TiO2 na-
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enhanced the efficiency of gas and carrier exchange, the charge carrier separation and 
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Figure 31. (a) Response of RGO/Nb–TiO2 (prepared using 9 ng/mm2 GO, optimal composition),
Nb–TiO2 NTs, and RGO (prepared with 9 ng/mm2 GO) toward C3H6O (120 ppm), H2 (120 ppm),
CO (120 ppm), and NH3 (30 ppm) at their optimal working temperature (200 ◦C). (b) Response ratio
calculated as the response toward H2 (120 ppm) with respect to C3H6O (120 ppm), CO (120 ppm), and
NH3 (30 ppm) for RGO/Nb–TiO2 (prepared using 9 ng/mm2 GO), Nb–TiO2, RGO/TiO2 (prepared with
4.5 ng/mm2 GO, the optimal composition of RGO/TiO2), and pristine TiO2 samples at an operating
temperature of 200 ◦C. The RGO/Nb–TiO2 hybrid material (prepared with 9 ng/mm2 GO) is not
sensitive toward C3H6O at the optimal operating temperature, so we can only provide a lower bound
for the response ratio: >280 means that the response of RGO/Nb–TiO2 (prepared using 9 ng/mm2 GO)
toward C3H6O is 0.1 when calculating the H2/C3H6O response ratio. Reprinted from [122].
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Consequently, Wand and colleagues showed that TiO2 nanosheets with an exposed
{001} facet has excellent acetone-sensing performances compared to TiO2 nanorods with
an exposed {110} facet because of the high-energy {001} [185,186] crystal facets of TiO2
and TiO2/SiC heterojunctions [183]. Murali et al. found a 4.8-fold enhancement in the
response toward 100 ppm NO in TiO2@NGQDs compared to pristine TiO2 nanoplates
(length of 42 nm and thickness of 4.2 nm) [149]. In this case, decorating the {001} facets of
the TiO2 nanoplates, which is highly reactive for the adsorption of active oxygen species,
with nitrogen-doped graphene quantum dots (NGQDs, 2 nm thick layer on TiO2 NPLs)
dramatically enhanced the efficiency of gas and carrier exchange, the charge carrier sepa-
ration and transportation, and oxygen vacancies, which eventually improved the sensing
performance. Furthermore, the sensors demonstrated 31.1% response toward NO when
UV irradiation was employed. However, the best response was 223% toward NO when
operating at 250 ◦C.

5. Future Perspectives and Challenges

The synthesis of TiO2 nanostructures and their application in gas sensing have gained
significant attention in recent years, and they hold promising future prospects as sustainable
materials for environmental monitoring and pollution control. However, along with the
opportunities, there are several challenges that need to be addressed for the successful
implementation of TiO2 nanostructures in gas-sensing applications.

One of the key prospects in the future of TiO2 nanostructures for gas sensing is their
sustainable synthesis. With increasing concern about environmental pollution and the
need for sustainable technologies, the synthesis of TiO2 nanostructures using green and
eco-friendly methods is gaining importance. Researchers are exploring various green
synthesis approaches, such as sol–gel methods using renewable resources, hydrothermal
methods using biodegradable templates, and microwave-assisted methods using green
solvents. These sustainable synthesis approaches aim to reduce the environmental impact
of TiO2 nanostructure synthesis, minimize the use of hazardous chemicals, and improve
the energy efficiency of the synthesis processes.

Another prospect is the potential for TiO2 nanostructures to be integrated into gas-
sensing devices for environmental monitoring and industrial applications. TiO2 nanostruc-
tures possess excellent gas-sensing properties, including high sensitivity, fast response, and
low power consumption. They can detect a wide range of gases, such as volatile organic
compounds (VOCs), nitrogen oxides (NOx), carbon monoxide (CO), and hydrogen (H2),
making them suitable for various gas-sensing applications, including indoor air quality
monitoring, automotive emission control, and industrial process monitoring. In the future,
we can expect to see more advanced gas-sensing devices incorporating TiO2 nanostruc-
tures that provide real-time, accurate, and reliable gas detection for environmental and
industrial purposes.

However, there are also challenges that need to be addressed in the future development
of TiO2 nanostructures for gas sensing. One challenge is the improvement of the selectivity
and stability of TiO2-based gas sensors. TiO2 nanostructures can exhibit cross-sensitivity
to different gases, leading to false readings and reduced specificity. Additionally, the
long-term stability and durability of TiO2-based gas sensors can be affected by various
factors, such as temperature, humidity, and aging, which can impact their reliability and
performance over time. Developing strategies to enhance the selectivity and stability of
TiO2-based gas sensors is crucial for their practical applications in real-world environments.

Another challenge is the scalability and cost-effectiveness of TiO2 nanostructure syn-
thesis. While there has been significant progress in the synthesis of TiO2 nanostructures,
scaling up these synthesis methods to meet the demands of large-scale production can be
challenging. Cost-effective synthesis methods that can produce TiO2 nanostructures in
large quantities while maintaining their high quality and properties need to be developed
to enable their widespread commercialization and industrial applications.



Nanomaterials 2023, 13, 1424 39 of 46

Furthermore, the potential environmental and health impacts of TiO2 nanostructures
need to be thoroughly investigated in the future. As TiO2 nanostructures become more
widely used in gas-sensing applications, it is important to assess their potential impacts on
the environment and human health. Studies on their toxicity, biocompatibility, and environ-
mental fate will be essential to ensure their safe and responsible use in various applications.

6. Conclusions

Recent research has shown considerable interest in creating high-performance gas-
sensing devices using MOX nanostructures, especially TiO2. However, the use of 2D TiO2
nanostructures in gas sensing is not widespread, and only a limited number of studies have
been reported in recent years. Unfortunately, many individuals still resort to costly and envi-
ronmentally hazardous synthesis methods, despite the availability of sustainable alternatives.

In recent years, the focus has been on enhancing the sensing performance of TiO2
nanostructures through metal nanoparticle doping, decoration, or MOX functionalization.
These modifications result in composites or heterostructures that exhibit improved sensitiv-
ity and selectivity; lower operating temperatures; and faster response and recovery times.
These improvements are attributed to p–n junction formation and catalytic and synergetic
effects from newly engineered composite structures.

In conclusion, TiO2 nanostructures have a promising future in gas-sensing applications
due to their sustainable synthesis methods, excellent gas-sensing properties, and potential
for integration into environmental monitoring and industrial devices. However, several
challenges, such as improving selectivity, stability, scalability, and cost-effectiveness of
synthesis, as well as addressing potential environmental and health impacts, need to be
overcome for their widespread adoption. Future research and development efforts in these
areas will play a critical role in advancing the field of TiO2 nanostructures for sustainable
gas-sensing technologies. Novel engineering techniques, such as doping, functionalizing,
and preparing heterostructures, are being utilized to enhance gas-sensing performance. It
is important to use eco-friendly solvents and green co-precipitation in hydro/solvothermal
processes for environmental sustainability.
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5. Roch, T.; Dobročka, E.; Mikula, M.; Pidík, A.; Durina, P.; Haidry, A.A.; Plecenik, T.; Truchlý, M.; Grancic, B.; Plecenik, A.; et al.

Strong Biaxial Texture and Polymorph Nature in TiO2 Thin Film Formed by Ex-Situ Annealing on c-Plane Al2O3 Surface. J. Cryst.
Growth 2012, 338, 118–124. [CrossRef]

6. Samat, M.H.; Ali, A.M.M.; Taib, M.F.M.; Hassan, O.H.; Yahya, M.Z.A. Hubbard U Calculations on Optical Properties of 3D
Transition Metal Oxide TiO2. Results Phys. 2016, 6, 891–896. [CrossRef]

7. Dey, A. Semiconductor Metal Oxide Gas Sensors: A Review. Mater. Sci. Eng. B 2018, 229, 206–217. [CrossRef]

https://visuddhimagga.info/
https://doi.org/10.1016/b978-0-08-101925-2.00001-2
https://doi.org/10.3390/met11010080
https://doi.org/10.1007/s10854-020-02994-8
https://doi.org/10.1016/j.jcrysgro.2011.10.053
https://doi.org/10.1016/j.rinp.2016.11.006
https://doi.org/10.1016/j.mseb.2017.12.036


Nanomaterials 2023, 13, 1424 40 of 46

8. Kumarage, G.W.C.; Comini, E. Conductometric Gas Sensors. Encycl. Mater. Electron. 2023, 1, 564–580. [CrossRef]
9. Eranna, G.; Joshi, B.C.; Runthala, D.P.; Gupta, R.P. Oxide Materials for Development of Integrated Gas Sensors—A Comprehensive

Review. Crit. Rev. Solid State Mater. Sci. 2004, 29, 111–188. [CrossRef]
10. Ramanavicius, S.; Ramanavicius, A. Insights in the Application of Stoichiometric and Non-Stoichiometric Titanium Oxides for

the Design of Sensors for the Determination of Gases and Vocs (TiO2−X and TinO2n−1 vs. TiO2). Sensors 2020, 20, 6833. [CrossRef]
11. Ramanavicius, S.; Jagminas, A.; Ramanavicius, A. Gas Sensors Based on Titanium Oxides (Review). Coatings 2022, 12, 699.

[CrossRef]
12. Ramanavicius, S.; Tereshchenko, A.; Karpicz, R.; Ratautaite, V.; Bubniene, U.; Maneikis, A.; Jagminas, A.; Ramanavicius, A.

TiO2−X/TiO2-Structure Based ‘Self-Heated’ Sensor for the Determination of Some Reducing Gases. Sensors 2019, 20, 74. [CrossRef]
13. Gurlo, A.; Riedel, R. In Situ and Operando Spectroscopy for Assessing Mechanisms of Gas Sensing. Angew. Chem. Int. Ed. 2007,

46, 3826–3848. [CrossRef]
14. Haidry, A.A.; Kind, N.; Saruhan, B. Investigating the Influence of Al-Doping and Background Humidity on NO2 Sensing

Characteristics of Magnetron-Sputtered SnO2 Sensors. J. Sens. Sens. Syst. 2015, 4, 271–280. [CrossRef]
15. Li, Z.; Yao, Z.; Haidry, A.A.; Plecenik, T.; Xie, L.; Sun, L.; Fatima, Q. Resistive-Type Hydrogen Gas Sensor Based on TiO2: A

Review. Int. J. Hydrog. Energy 2018, 43, 21114–21132. [CrossRef]
16. Galstyan, V.; Moumen, A.; Kumarage, G.W.; Comini, E. Progress towards Chemical Gas Sensors: Nanowires and 2D Semiconduc-

tors. Sens. Actuators B Chem. 2022, 357, 131466. [CrossRef]
17. Kumarage, G.W.; Comini, E. Low-Dimensional Nanostructures Based on Cobalt Oxide (CO3O4) in Chemical-Gas Sensing.

Chemosensors 2021, 9, 197. [CrossRef]
18. Liang, Y.; Sun, S.; Deng, T.; Ding, H.; Chen, W.; Chen, Y. The Preparation of TiO2 Film by the Sol-Gel Method and Evaluation of

Its Self-Cleaning Property. Materials 2018, 11, 450. [CrossRef]
19. Haque, F.Z.; Nandanwar, R.; Singh, P. Evaluating Photodegradation Properties of Anatase and Rutile TiO2 Nanoparticles for

Organic Compounds. Optik 2017, 128, 191–200. [CrossRef]
20. Danks, A.E.; Hall, S.R.; Schnepp, Z. The Evolution of ‘Sol-Gel’ Chemistry as a Technique for Materials Synthesis. Mater. Horiz.

2016, 3, 91–112. [CrossRef]
21. Thiagarajan, S.; Sanmugam, A.; Vikraman, D. Facile Methodology of Sol-Gel Synthesis for Metal Oxide Nanostructures. In Recent

Applications in Sol-Gel Synthesis; IntechOpen Limited: London, UK, 2017. [CrossRef]
22. Abel, S.; Jule, L.T.; Belay, F.; Shanmugam, R.; Dwarampudi, L.P.; Nagaprasad, N.; Krishnaraj, R. Application of Titanium Dioxide

Nanoparticles Synthesized by Sol-Gel Methods in Wastewater Treatment. J. Nanomater. 2021, 2021, 3039761. [CrossRef]
23. Kang, O.L.; Ahmad, A.; Rana, U.A.; Hassan, N.H. Sol-Gel Titanium Diox-ide Nanoparticles: Preparation and Structural

Characterization. J. Nanotechnol. 2016, 2016, 5375939. [CrossRef]
24. Nachit, W.; Ait Ahsaine, H.; Ramzi, Z.; Touhtouh, S.; Goncharova, I.; Benkhouja, K. Photocatalytic Activity of Anatase-Brookite

TiO2 Nanoparticles Synthesized by Sol Gel Method at Low Temperature. Opt. Mater. 2022, 129, 112256. [CrossRef]
25. Johari, N.D.; Rosli, Z.M.; Juoi, J.M.; Yazid, S.A. Comparison on the TiO2 Crystalline Phases Deposited via Dip and Spin Coating

Using Green Sol-Gel Route. J. Mater. Res. Technol. 2019, 8, 2350–2358. [CrossRef]
26. Yang, M.; Liu, W.; Jiang, C.; He, S.; Xie, Y.; Wang, Z. Fabrication of Super-hydrophobic Cotton Fabric with Fluorinated TiO2 Sol by

a Green and One-Step Sol-Gel Process. Carbohydr. Polym. 2018, 197, 75–82. [CrossRef] [PubMed]
27. Irshad, M.A.; Nawaz, R.; ur Rehman, M.Z.; Imran, M.; Ahmad, J.; Ahmad, S.; Inam, A.; Razzaq, A.; Rizwan, M.; Ali, S. Synthesis

and Characterization of Titanium Dioxide Nanoparticles by Chemical and Green Methods and Their Antifungal Activities against
Wheat Rust. Chemosphere 2020, 258, 127352. [CrossRef]

28. Yazid, S.A.; Rosli, Z.M.; Juoi, J.M. Effect of Titanium (IV) Isopropox-ide Molarity on the Crystallinity and Photocatalytic Activity
of Titanium Dioxide Thin Film Deposited via Green Sol-Gel Route. J. Mater. Res. Technol. 2019, 8, 1434–1439. [CrossRef]

29. Zou, L. Multilevel Resistive Switching Performance of TiO2-Based Flexible Memory Prepared by Low-Temperature Sol-Gel
Method with UV Irradiation. Curr. Appl. Phys. 2021, 24, 32–38. [CrossRef]

30. Maurya, I.C.; Singh, S.; Senapati, S.; Srivastava, P.; Bahadur, L. Green Synthesis of TiO2 Nanoparticles Using Bixa Orellana Seed
Extract and Its Application for Solar Cells. Sol. Energy 2019, 194, 952–958. [CrossRef]

31. Quintero, Y.; Mosquera, E.; Diosa, J.; García, A. Ultrasonic-Assisted Sol-Gel Synthesis of TiO2 Nanostructures: Influence of
Synthesis Parameters on Morphology, Crystallinity, and Photocatalytic Performance. J. Sol Gel Sci. Technol. 2020, 94, 477–485.
[CrossRef]

32. Lal, M.; Sharma, P.; Ram, C. Calcination Temperature Effect on Titanium Oxide (TiO2) Nanoparticles Synthesis. Optik 2021,
241, 166934. [CrossRef]

33. Jule, L.T.; Ramaswamy, K.; Bekele, B.; Saka, A.; Nagaprasad, N. Experimental Investigation on the Impacts of Annealing
Temperatures on Titanium Dioxide Nanoparticles Structure, Size and Optical Properties Synthesized through Sol-Gel Methods.
Mater. Today Proc. 2021, 45, 5752–5758. [CrossRef]

34. Catauro, M.; Tranquillo, E.; Dal Poggetto, G.; Pasquali, M.; Dell’Era, A.; Vecchio Ciprioti, S. Influence of the Heat Treatment on the
Particles Size and on the Crystalline Phase of TiO2 Synthesized by the Sol-Gel Method. Materials 2018, 11, 2364. [CrossRef]

35. Rodríguez, P.A.O.; Pecchi, G.A.; Casuscelli, S.G.; Elias, V.R.; Eimer, G.A. A Simple Synthesis Way to Obtain Iron-Doped TiO2
Nanoparticles as Photocatalytic Surfaces. Chem. Phys. Lett. 2019, 732, 136643. [CrossRef]

https://doi.org/10.1016/b978-0-12-819728-8.00060-7
https://doi.org/10.1080/10408430490888977
https://doi.org/10.3390/s20236833
https://doi.org/10.3390/coatings12050699
https://doi.org/10.3390/s20010074
https://doi.org/10.1002/anie.200602597
https://doi.org/10.5194/jsss-4-271-2015
https://doi.org/10.1016/j.ijhydene.2018.09.051
https://doi.org/10.1016/j.snb.2022.131466
https://doi.org/10.3390/chemosensors9080197
https://doi.org/10.3390/ma11030450
https://doi.org/10.1016/j.ijleo.2016.10.025
https://doi.org/10.1039/C5MH00260E
https://doi.org/10.5772/intechopen.68708
https://doi.org/10.1155/2021/3039761
https://doi.org/10.1155/2016/5375939
https://doi.org/10.1016/j.optmat.2022.112256
https://doi.org/10.1016/j.jmrt.2019.04.018
https://doi.org/10.1016/j.carbpol.2018.05.075
https://www.ncbi.nlm.nih.gov/pubmed/30007660
https://doi.org/10.1016/j.chemosphere.2020.127352
https://doi.org/10.1016/j.jmrt.2018.10.009
https://doi.org/10.1016/j.cap.2021.02.001
https://doi.org/10.1016/j.solener.2019.10.090
https://doi.org/10.1007/s10971-020-05263-6
https://doi.org/10.1016/j.ijleo.2021.166934
https://doi.org/10.1016/j.matpr.2021.02.586
https://doi.org/10.3390/ma11122364
https://doi.org/10.1016/j.cplett.2019.136643


Nanomaterials 2023, 13, 1424 41 of 46

36. Zedek, R.; Djedjiga, H.; Megherbi, M.; Belkaid, M.S.; Ntsoenzok, E. Effects of Slight Fe (Iii)-Doping on Structural and Optical
Properties of TiO2 Nanoparticles. J. Sol Gel Sci. Technol. 2021, 100, 44–54. [CrossRef]

37. Nithyaa, N.; Victor Jaya, N. Structural, Optical, and Magnetic Properties of Gd-Doped TiO2 Nano-particles. J. Supercond. Nov.
Magn. 2018, 31, 4117–4126. [CrossRef]

38. Hajizadeh-Oghaz, M. Synthesis and Characterization of Nb-La Co-Doped TiO2 Nanoparticles by Sol-Gel Process for Dye-
Sensitized Solar Cells. Ceram. Int. 2019, 45, 6994–7000. [CrossRef]

39. Helmy, E.T.; Abouellef, E.M.; Soliman, U.A.; Pan, J.H. Novel Green Synthesis of S-Doped TiO2 Nanoparticles Using Malva Parviflora
Plant Extract and Their Photocatalytic, Antimicrobial and Antioxidant Activities under Sunlight Illumination. Chemosphere 2021,
271, 129524. [CrossRef] [PubMed]

40. Ahmad, M.M.; Mushtaq, S.; Al Qahtani, H.S.; Sedky, A.; Alam, M.W. Investigation of TiO2 Nanoparticles Synthesized by Sol-Gel
Method for Effectual Photodegradation, Oxidation and Reduction Reaction. Crystals 2021, 11, 1456. [CrossRef]

41. Panneerselvam, A.; Velayutham, J.; Ramasamy, S. Green Synthesis of TiO2 Na-noparticles Prepared from Phyllanthus Niruri Leaf
Extract for Dye Adsorption and Their Isotherm and Kinetic Studies. IET Nanobiotechnol. 2021, 15, 164–172. [CrossRef]

42. Bundele, M.; Rane, N.; Lande, V.; Dani, A.; Shende, S. Green Synthe-sis of TiO2 Nanoparticle from Plumeria rubra L. Leaves for
Anticorrosive Application. Mater. Today Proc. 2023, 72, 1685–1691. [CrossRef]

43. Bachvarova-Nedelcheva, A.; Iordanova, R.; Naydenov, A.; Stoyanova, A.; Georgieva, N.; Nemska, V.; Foteva, T. Sol-Gel Obtaining
of TiO2/Eeo2 Nanopowders with Biocidal and Environmental Applications. Catalysts 2023, 13, 257. [CrossRef]

44. Sun, M.; Xu, J.; Ma, J.; Xu, G. Facile Sol-Gel Preparation of Amorphous TiO2 Nano-particles under Ph of 8 for Synergistic
Adsorption-Photocatalytic Degradation of Tetracycline. J. Alloy. Compd. 2023, 937, 168254. [CrossRef]

45. Essam, Y.; El-Nowihy, G.H. N-Co-Cd-Doped TiO2 Nanocomposite for Efficient Dye-Synthesized Solar Cells. Ain Shams Eng. J.
2023, 14, 102180. [CrossRef]

46. Tamarani, A.; Zainul, R.; Dewata, I. Preparation and Characterization of XRD Nano Cu-TiO2 Using Sol-Gel Method. J. Phys. Conf.
Ser. 2019, 1185, 012020. [CrossRef]

47. Elbushra, H.; Ahmed, M.; Wardi, H.; Eassa, N. Synthesis and Characterization of TiO2 Using Sol-Gel Method at Different
Annealing Temperatures. MRS Adv. 2018, 3, 2527–2535. [CrossRef]

48. Buraso, W.; Lachom, V.; Siriya, P.; Laokul, P. Synthesis of TiO2 Nanoparticles via a Simple Precipitation Method and Photocatalytic
Performance. Mater. Res. Express 2018, 5, 115003. [CrossRef]

49. Kalaivani, T.; Anilkumar, P. Role of Temperature on the Phase Modification of TiO2 Nanoparticles Synthesized by the Precipitation
Method. Silicon 2017, 10, 1679–1686. [CrossRef]

50. Fischer, K.; Gawel, A.; Rosen, D.; Krause, M.; Abdul Latif, A.; Griebel, J.; Prager, A.; Schulze, A. Low-Temperature Synthesis of
Anatase/Rutile/Brookite TiO2 Nanoparticles on a Polymer Membrane for Photocatalysis. Catalysts 2017, 7, 209. [CrossRef]

51. Lontio Fomekong, R.; Saruhan, B. Synthesis of Co3+ Doped TiO2 by Co-Precipitation Route and Its Gas Sensing Properties. Front.
Mater. 2019, 6, 252. [CrossRef]

52. Fomekong, R.L.; Kelm, K.; Saruhan, B. High-Temperature Hydrogen Sensing Performance of Ni-Doped TiO2 Prepared by
Co-Precipitation Method. Sensors 2020, 20, 5992. [CrossRef] [PubMed]

53. Sangeetha, M.; Senthil, T.S.; Senthilkumar, N.; Kang, M. Solar-Light-Induced Photocatalyst Based on Bi–B Co-Doped TiO2
Prepared via Co-Precipitation Method. J. Mater. Sci. Mater. Electron. 2022, 33, 16550–16563. [CrossRef]

54. Sharmila, K.; Kamath, V.A.; Swaroop, K.; Somashekarappa, H.M. Thermoluminescence Properties of Li Doped TiO2 Nanoparticles
Synthesized Using Co-Precipitation Method. AIP Conf. Proc. 2020, 2244, 090003. [CrossRef]

55. Rilda, Y.; Damara, D.; Putri, Y.E.; Agustien, A. Synthesis of Zno-TiO2/Chitosan Nano-rods by Using Precipitation Methods and
Studying Their Structures and Optics Properties at Different Precursor Molar Compositions. IOP Conf. Ser. Earth Environ. Sci.
2019, 217, 012015. [CrossRef]

56. Ismael, M. Enhanced Photocatalytic Hydrogen Production and Degradation of Organic Pollutants from Fe (III) Doped TiO2
Nanoparticles. J. Environ. Chem. Eng. 2020, 8, 103676. [CrossRef]

57. Lassoued, M.S.; Lassoued, A.; Ammar, S.; Gadri, A.; Salah, A.B.; García-Granda, S. Synthesis and Characterization of Co-Doped
Nano-TiO2 through Co-Precipitation Method for Photocatalytic Activity. J. Mater. Sci. Mater. Electron. 2018, 29, 8914–8922.
[CrossRef]

58. Ansari, A.; Siddiqui, V.U.; Rehman, W.U.; Akram, M.K.; Siddiqi, W.A.; Alosaimi, A.M.; Hussein, M.A.; Rafatullah, M. Green
Synthesis of TiO2 Nanoparti-cles Using Acorus Calamus Leaf Extract and Evaluating Its Photocatalytic and in Vitro Antimicrobial
Activity. Catalysts 2022, 12, 181. [CrossRef]

59. Subhapriya, S.; Gomathipriya, P. Green Synthesis of Titanium Dioxide (TiO2) Nanoparticles by Trigonella Foenum-Graecum Extract
and Its Antimicrobial Properties. Microb. Pathog. 2018, 116, 215–220. [CrossRef]

60. Nabi, G.; Majid, A.; Riaz, A.; Alharbi, T.; Kamran, M.A.; Al-Habardi, M. Green Synthesis of Spherical TiO2 Nanoparticles
Using Citrus Limetta Extract: Excellent Photocatalytic Water Decontamination Agent for Rhb Dye. Inorg. Chem. Commun. 2021,
129, 108618. [CrossRef]

61. Reddy, P.N.K.; Shaik, D.P.; Ganesh, V.; Nagamalleswari, D.; Thyagarajan, K.; Prasanth, P.V. Structural, Optical and Electrochemical
Properties of TiO2 Nanoparticles Synthesized Using Medicinal Plant Leaf Extract. Ceram. Int. 2019, 45, 16251–16260. [CrossRef]

https://doi.org/10.1007/s10971-021-05602-1
https://doi.org/10.1007/s10948-018-4693-9
https://doi.org/10.1016/j.ceramint.2018.12.200
https://doi.org/10.1016/j.chemosphere.2020.129524
https://www.ncbi.nlm.nih.gov/pubmed/33460895
https://doi.org/10.3390/cryst11121456
https://doi.org/10.1049/nbt2.12033
https://doi.org/10.1016/j.matpr.2022.09.469
https://doi.org/10.3390/catal13020257
https://doi.org/10.1016/j.jallcom.2022.168254
https://doi.org/10.1016/j.asej.2023.102180
https://doi.org/10.1088/1742-6596/1185/1/012020
https://doi.org/10.1557/adv.2018.230
https://doi.org/10.1088/2053-1591/aadbf0
https://doi.org/10.1007/s12633-017-9652-8
https://doi.org/10.3390/catal7070209
https://doi.org/10.3389/fmats.2019.00252
https://doi.org/10.3390/s20215992
https://www.ncbi.nlm.nih.gov/pubmed/33105867
https://doi.org/10.1007/s10854-022-08547-5
https://doi.org/10.1063/5.0009921
https://doi.org/10.1088/1755-1315/217/1/012015
https://doi.org/10.1016/j.jece.2020.103676
https://doi.org/10.1007/s10854-018-8910-x
https://doi.org/10.3390/catal12020181
https://doi.org/10.1016/j.micpath.2018.01.027
https://doi.org/10.1016/j.inoche.2021.108618
https://doi.org/10.1016/j.ceramint.2019.05.147


Nanomaterials 2023, 13, 1424 42 of 46

62. Reddy, P.N.K.; Shaik, D.P.M.D.; Nagamalleswari, D.; Thyagarajan, K.; Prasanth, P.V. Electro-chemical Activity of TiO2 Nanoparti-
cles in NaOH Electrolyte via Green Synthesis Using Calotropis Gigantea Plant Leaf Extract. Indian J. Sci. Technol. 2021, 14, 2766–2772.
[CrossRef]

63. Prashanth, V.; Priyanka, K.; Remya, N. Solar Photocatalytic Degradation of Metformin by TiO2 Synthesized Using Calotropis
Gigantea Leaf Extract. Water Sci. Technol. 2021, 83, 1072–1084. [CrossRef]

64. Hariharan, D.; Srinivasan, K.; Nehru, L.C. Synthesis and Characterization of TiO2 Nanoparticles Using Cynodon Dactylon Leaf
Extract for Antibacterial and Anticancer (A549 Cell Lines) Activity. J. Nanomed. Res. 2017, 5, 00138. [CrossRef]

65. Rajkumari, J.; Magdalane, C.M.; Siddhardha, B.; Madhavan, J.; Ramalingam, G.; Al-Dhabi, N.A.; Arasu, M.V.; Ghilan, A.K.M.;
Duraipandiayan, V.; Kaviyarasu, K. Synthesis of Titanium Oxide Nanoparticles Using Aloe Barbadensis Mill and Evaluation of
Its Antibiofilm Potential against Pseudomonas Aeruginosa PAO1. J. Photochem. Photobiol. B Biol. 2019, 201, 111667. [CrossRef]
[PubMed]

66. Ramzan, M.; Obodo, R.M.; Shahzad, M.I.; Mukhtar, S.; Ilyas, S.Z.; Mahmood, T. Green Syn-thesis of Cu@TiO2 via Cedrus Deodara
Leaf Extract: A Novel Composite with High Photocatalytic and Antibacterial Activity. Curr. Res. Green Sustain. Chem. 2021, 4,
100137. [CrossRef]

67. Pushpamalini, T.; Keerthana, M.; Sangavi, R.; Nagaraj, A.; Kamaraj, P. Comparative Analysis of Green Synthesis of TiO2
Nanoparticles Using Four Different Leaf Extract. Mater. Today Proc. 2021, 40, S180–S184. [CrossRef]

68. Sethy, N.K.; Arif, Z.; Mishra, P.K.; Kumar, P. Green Synthesis of TiO2 Nanoparticles from Syzygium Cumini Extract for Photo-
Catalytic Removal of Lead (PB) in Explosive Industrial Wastewater. Green Process. Synth. 2020, 9, 171–181. [CrossRef]

69. Goutam, S.P.; Saxena, G.; Singh, V.; Yadav, A.K.; Bharagava, R.N.; Thapa, K.B. Green Synthesis of TiO2 Nanoparticles Using Leaf
Extract of Jatropha curcas L. for Photocatalytic Degradation of Tannery Wastewater. Chem. Eng. J. 2018, 336, 386–396. [CrossRef]

70. Aswini, R.; Murugesan, S.; Kannan, K. Bio-Engineered TiO2 Nanoparticles Using Ledebouria Revoluta Extract: Larvicidal,
Histopathological, Antibacterial and Anticancer Activity. Int. J. Environ. Anal. Chem. 2020, 101, 2926–2936. [CrossRef]

71. Ahmad, M.Z.; Alasiri, A.S.; Ahmad, J.; Alqahtani, A.A.; Abdullah, M.M.; Abdel-Wahab, B.A.; Pathak, K.; Saikia, R.; Das, A.;
Sarma, H.; et al. Green Synthesis of Titanium Dioxide Nanoparticles Using Ocimum Sanctum Leaf Extract: In Vitro Characteriza-
tion and Its Healing Efficacy in Diabetic Wounds. Molecules 2022, 27, 7712. [CrossRef]

72. Wu, Z.G.; Ren, Z.M.; Li, L.; Lv, L.; Chen, Z. Hydrothermal Synthesis of TiO2 Quantum Dots with Mixed Titanium Precursors. Sep.
Purif. Technol. 2020, 251, 117328. [CrossRef]

73. Jaggessar, A.; Mathew, A.; Wang, H.; Tesfamichael, T.; Yan, C.; Yarlagadda, P.K. Mechanical, Bactericidal and Osteogenic
Behaviours of Hydrothermally Synthesised TiO2 Nanowire Arrays. J. Mech. Behav. Biomed. Mater. 2018, 80, 311–319. [CrossRef]
[PubMed]

74. Kumar, S.; Vats, T.; Sharma, S.N.; Kumar, J. Investigation of Annealing Effects on TiO2 Nanotubes Synthesized by a Hydrothermal
Method for Hybrid Solar Cells. Optik 2018, 171, 492–500. [CrossRef]

75. Lan, K.; Liu, Y.; Zhang, W.; Liu, Y.; Elzatahry, A.; Wang, R.; Xia, Y.; Al-Dhayan, D.; Zheng, N.; Zhao, D. Uniform Ordered
Two-Dimensional Mesoporous TiO2 Nanosheets from Hydrothermal-Induced Solvent-Confined Monomicelle Assembly. J. Am.
Chem. Soc. 2018, 140, 4135–4143. [CrossRef]

76. Byrappa, K.; Adschiri, T. Hydrothermal Technology for Nanotechnology. Prog. Cryst. Growth Charact. Mater. 2007, 53, 117–166.
[CrossRef]

77. Gupta, T.; Cho, J.; Prakash, J. Hydrothermal Synthesis of TiO2 Nanorods: Formation Chemistry, Growth Mechanism, and Tailoring
of Surface Properties for Photocatalytic Activities. Mater. Today Chem. 2021, 20, 100428. [CrossRef]

78. Rajakumaran, R.; Abinaya, M.; Chen, S.M.; Balamurugan, K.; Muthuraj, V. Ultrasonication and Hydrothermal Assisted Synthesis
of Cloud-like Zinc Molybdate Nanospheres for Enhanced Detection of Flutamide. Ultrason. Sonochem. 2020, 61, 104823. [CrossRef]
[PubMed]

79. Sofyan, N.; Ridhova, A.; Yuwono, A.H.; Udhiarto, A. Preparation of Anatase TiO2 Nanoparticles Using Low Hydrothermal
Temperature for Dye-Sensitized Solar Cell. IOP Conf. Ser. Mater. Sci. Eng. 2018, 316, 012055. [CrossRef]

80. Cui, Y.; Zhang, L.; Lv, K.; Zhou, G.; Wang, Z.S. Low Temperature Preparation of TiO2 Nanoparticle Chains without Hydrothermal
Treatment for Highly Efficient Dye-Sensitized Solar Cells. J. Mater. Chem. A 2015, 3, 4477–4483. [CrossRef]

81. Navale, S.T.; Yang, Z.B.; Liu, C.; Cao, P.J.; Patil, V.B.; Ramgir, N.S.; Mane, R.S.; Stadler, F.J. Enhanced Acetone Sensing Properties
of Titanium Dioxide Nanoparticles with a Sub-Ppm Detection Limit. Sens. Actuators B Chem. 2018, 255, 1701–1710. [CrossRef]

82. Sagadevan, S.; Imteyaz, S.; Murugan, B.; Anita Lett, J.; Sridewi, N.; Weldegebrieal, G.K.; Fatimah, I.; Oh, W.C. A Comprehensive
Review on Green Synthesis of Titanium Dioxide Nanoparticles and Their Diverse Biomedical Applications. Green Process. Synth.
2022, 11, 44–63. [CrossRef]

83. Wang, C.; Wang, H.; Chen, Q.; Ren, B.; Duan, R.; Guan, R. Synchronous Regulation of Morphology and Crystal Phase of TiO2 via
a Facile Green Hydrothermal Approach and Their Photocatalytic Activity. Mater. Res. Bull. 2019, 109, 90–97. [CrossRef]

84. Nagaraj, K.; Thankamuniyandi, P.; Kamalesu, S.; Lokhandwala, S.; Parekh, N.M.; Sakthinathan, S.; Chiu, T.-W.; Karuppiah, C.
Green Synthesis, Characterization and Efficient Photocatalytic Study of Hydrothermal-Assisted Ag@TiO2 Nanocomposites. Inorg.
Chem. Commun. 2023, 148, 110362. [CrossRef]

85. Hariharan, D.; Christy, A.J.; Mayandi, J.; Nehru, L.C. Visible Light Active Photo-catalyst: Hydrothermal Green Synthesized TiO2
NPS for Degradation of Picric Acid. Mater. Lett. 2018, 222, 45–49. [CrossRef]

https://doi.org/10.17485/IJST/v14i34.1424
https://doi.org/10.2166/wst.2021.040
https://doi.org/10.15406/jnmr.2017.05.00138
https://doi.org/10.1016/j.jphotobiol.2019.111667
https://www.ncbi.nlm.nih.gov/pubmed/31683167
https://doi.org/10.1016/j.crgsc.2021.100137
https://doi.org/10.1016/j.matpr.2020.08.438
https://doi.org/10.1515/gps-2020-0018
https://doi.org/10.1016/j.cej.2017.12.029
https://doi.org/10.1080/03067319.2020.1718668
https://doi.org/10.3390/molecules27227712
https://doi.org/10.1016/j.seppur.2020.117328
https://doi.org/10.1016/j.jmbbm.2018.02.011
https://www.ncbi.nlm.nih.gov/pubmed/29459290
https://doi.org/10.1016/j.ijleo.2018.06.045
https://doi.org/10.1021/jacs.8b00909
https://doi.org/10.1016/j.pcrysgrow.2007.04.001
https://doi.org/10.1016/j.mtchem.2021.100428
https://doi.org/10.1016/j.ultsonch.2019.104823
https://www.ncbi.nlm.nih.gov/pubmed/31669843
https://doi.org/10.1088/1757-899X/316/1/012055
https://doi.org/10.1039/C4TA06679K
https://doi.org/10.1016/j.snb.2017.08.186
https://doi.org/10.1515/gps-2022-0005
https://doi.org/10.1016/j.materresbull.2018.09.026
https://doi.org/10.1016/j.inoche.2022.110362
https://doi.org/10.1016/j.matlet.2018.03.109


Nanomaterials 2023, 13, 1424 43 of 46

86. Sharma, M.; Behl, K.; Nigam, S.; Joshi, M. TiO2-Go Nanocomposite for Photocatalysis and Environmental Applications: A Green
Synthesis Approach. Vacuum 2018, 156, 434–439. [CrossRef]

87. Govindaraj, R.; Santhosh, N.; Senthil Pandian, M.; Ramasamy, P. Synthesis of Nanocrystalline TiO2 Nanorods via Hydrothermal
Method: An Efficient Photoanode Material for Dye Sensitized Solar Cells. J. Cryst. Growth 2017, 468, 125–128. [CrossRef]

88. Santhi, K.; Navaneethan, M.; Harish, S.; Ponnusamy, S.; Muthamizhchelvan, C. Synthesis and Characterization of TiO2 Nanorods
by Hydrothermal Method with Different Ph Conditions and Their Photo-catalytic Activity. Appl. Surf. Sci. 2020, 500, 144058.
[CrossRef]

89. Bregadiolli, B.A.; Fernandes, S.L.; Graeff, C.F.D.O. Easy and Fast Preparation of TiO2-Based Nanostructures Using Microwave
Assisted Hydrothermal Synthesis. Mater. Res. 2017, 20, 912–919. [CrossRef]

90. Aravind, M.; Amalanathan, M.; Sony Mary, M. Synthesis of TiO2 Nanoparticles by Chemical and Green Synthesis Methods and
Their Multifaceted Properties. SN Appl. Sci. 2021, 3, 409. [CrossRef]

91. Zhu, Z.; Lin, S.J.; Wu, C.H.; Wu, R.J. Synthesis of TiO2 Nanowires for Rapid no2 Detection. Sens. Actuators A Phys. 2018, 272,
288–294. [CrossRef]

92. Shahat, A.M.; El-Hossary, F.M.; Ghitas, A.; Abd El-Rahman, A.M.; Ebnalwaled, A.A. Low-Temperature Hydrothermal Synthesis
of Titanium Dioxide Nanoparticles for Photocatalytic Applications. In IOP Conference Series: Materials Science and Engineering; IOP
Publishing: Bristol, UK, 2021; Volume 1171, p. 012008. [CrossRef]

93. Kamble, R.J.; Gaikwad, P.V.; Garadkar, K.M.; Sabale, S.R.; Puri, V.R.; Mahajan, S.S. Photocatalytic Degradation of Malachite Green
Using Hydrothermally Synthesized Cobalt-Doped TiO2 Nanoparticles. J. Iran. Chem. Soc. 2021, 19, 303–312. [CrossRef]

94. Sundrarajan, M.; Bama, K.; Bhavani, M.; Jegatheeswaran, S.; Ambika, S.; Sangili, A.; Nithya, P.; Sumathi, R. Obtaining Titanium
Dioxide Nanoparticles with Spherical Shape and Antimicrobial Properties Using M. Citrifolia Leaves Extract by Hydrothermal
Method. J. Photochem. Photobiol. B Biol. 2017, 171, 117–124. [CrossRef]

95. Hariharan, D.; Thangamuniyandi, P.; Christy, A.J.; Vasantharaja, R.; Selvakumar, P.; Sagadevan, S.; Pugazhendhi, A.; Nehru, L.C.
Enhanced Photocatalysis and Anticancer Activity of Green Hydrothermal Synthesized Ag@TiO2 Nanoparticles. J. Photochem.
Photobiol. B Biol. 2020, 202, 111636. [CrossRef] [PubMed]

96. Lu, X.; Li, M.; Hoang, S.; Suib, S.L.; Gao, P.X. Solvent Effects on the Heterogeneous Growth of TiO2 Nanostructure Arrays by
Solvothermal Synthesis. Catal. Today 2021, 360, 275–283. [CrossRef]

97. Alosfur, F.K.M.; Ouda, A.A.; Ridha, N.J.; Abud, S.H. High Photocatalytic Activity of TiO2 Nanorods Prepared by Simple Method.
Mater. Res. Express 2019, 6, 065028. [CrossRef]

98. Huang, J.; Liu, H.; Li, Z.; Zhong, J.; Wang, T.; Li, J.; Li, M. Photocata-lytic Activity of TiO2 Prepared by Different Solvents through
a Solvothermal Approach. Solid State Sci. 2019, 98, 106024. [CrossRef]

99. Zulfiqar, M.; Sufian, S.; Mansor, N.; Rabat, N.E. Synthesis and Characterization of TiO2-Based Nanostructures via Fluorine-Free
Solvothermal Method for Enhancing Visible Light Photocatalytic Activity: Experimental and Theoretical Approach. J. Photochem.
Photobiol. A Chem. 2021, 404, 112834. [CrossRef]

100. Tian, X.; Cui, X.; Lai, T.; Ren, J.; Yang, Z.; Xiao, M.; Wang, B.; Xiao, X.; Wang, Y. Gas Sensors Based on TiO2 Nanostructured
Materials for the Detection of Hazardous Gases: A Review. Nano Mater. Sci. 2021, 3, 390–403. [CrossRef]

101. Sugahara, T.; Alipour, L.; Hirose, Y.; Ekubaru, Y.; Nakamura, J.I.; Ono, H.; Harada, N.; Suganuma, K. Formation of Metal-
Organic Decomposition Derived Nano-crystalline Structure Titanium Dioxide by Heat Sintering and Photosintering Methods for
Advanced Coating Process, and Its Volatile Organic Compounds’ Gas-Sensing Properties. ACS Appl. Electron. Mater. 2020, 2,
1670–1678. [CrossRef]

102. Chen, N.; Deng, D.; Li, Y.; Liu, X.; Xing, X.; Xiao, X.; Wang, Y. TiO2 Na-noparticles Functionalized by Pd Nanoparticles for
Gas-Sensing Application with Enhanced Butane Response Performances. Sci. Rep. 2017, 7, 7692. [CrossRef]

103. Gakhar, T.; Hazra, A. C60-Encapsulated TiO2 Nanoparticles for Selective and Ultrahigh Sensitive Detection of Formaldehyde.
Nanotechnology 2021, 32, 505505. [CrossRef]

104. Mintcheva, N.; Srinivasan, P.; Rayappan, J.B.B.; Kuchmizhak, A.A.; Gurbatov, S.; Kulinich, S.A. Room-Temperature Gas Sensing
of Laser-Modified Anatase TiO2 Decorated with Au Nanoparticles. Appl. Surf. Sci. 2020, 507, 145169. [CrossRef]

105. Fernández-Ramos, M.D.; Capitan-Vallvey, L.F.; Pastrana-Martínez, L.M.; Morales-Torres, S.; Maldonado-Hodar, F.J. Chemore-
sistive NH3 Gas Sensor at Room Temperature Based on the Carbon Gel-TiO2 Nanocomposites. Sens. Actuators B Chem. 2022,
368, 132103. [CrossRef]

106. Giampiccolo, A.; Tobaldi, D.M.; Leonardi, S.G.; Murdoch, B.J.; Seabra, M.P.; Ansell, M.P.; Neri, G.; Ball, R.J. Sol Gel Graphene/TiO2
Nanoparti-cles for the Photocatalytic-Assisted Sensing and Abatement of No2. Appl. Catal. B Environ. 2019, 243, 183–194.
[CrossRef]

107. Wang, Z.; Haidry, A.A.; Xie, L.; Zavabeti, A.; Li, Z.; Yin, W.; Fomekong, R.L.; Saruhan, B. Acetone Sensing Applications of Ag
Modified TiO2 Porous Nanoparticles Synthesized via Facile Hydrothermal Method. Appl. Surf. Sci. 2020, 533, 147383. [CrossRef]

108. Tshabalala, Z.P.; Shingange, K.; Cummings, F.R.; Ntwaeaborwa, O.M.; Mhlongo, G.H.; Motaung, D.E. Ultra-Sensitive and
Selective NH3 Room Temperature Gas Sensing Induced by Manganese-Doped Titanium Dioxide Nanoparticles. J. Colloid Interface
Sci. 2017, 504, 371–386. [CrossRef] [PubMed]

109. Zhao, D.; Zhang, X.; Sui, L.; Wang, W.; Zhou, X.; Cheng, X.; Gao, S.; Xu, Y.; Huo, L. C-Doped TiO2 Nanoparticles to Detect
Alcohols with Different Carbon Chains and Their Sensing Mechanism Analysis. Sens. Actuators B Chem. 2020, 312, 127942.
[CrossRef]

https://doi.org/10.1016/j.vacuum.2018.08.009
https://doi.org/10.1016/j.jcrysgro.2016.11.004
https://doi.org/10.1016/j.apsusc.2019.144058
https://doi.org/10.1590/1980-5373-mr-2016-0684
https://doi.org/10.1007/s42452-021-04281-5
https://doi.org/10.1016/j.sna.2018.02.006
https://doi.org/10.1088/1757-899x/1171/1/012008
https://doi.org/10.1007/s13738-021-02303-y
https://doi.org/10.1016/j.jphotobiol.2017.05.003
https://doi.org/10.1016/j.jphotobiol.2019.111636
https://www.ncbi.nlm.nih.gov/pubmed/31739259
https://doi.org/10.1016/j.cattod.2020.02.044
https://doi.org/10.1088/2053-1591/ab0cca
https://doi.org/10.1016/j.solidstatesciences.2019.106024
https://doi.org/10.1016/j.jphotochem.2020.112834
https://doi.org/10.1016/j.nanoms.2021.05.011
https://doi.org/10.1021/acsaelm.0c00237
https://doi.org/10.1038/s41598-017-08074-y
https://doi.org/10.1088/1361-6528/ac23f9
https://doi.org/10.1016/j.apsusc.2019.145169
https://doi.org/10.1016/j.snb.2022.132103
https://doi.org/10.1016/j.apcatb.2018.10.032
https://doi.org/10.1016/j.apsusc.2020.147383
https://doi.org/10.1016/j.jcis.2017.05.061
https://www.ncbi.nlm.nih.gov/pubmed/28582755
https://doi.org/10.1016/j.snb.2020.127942


Nanomaterials 2023, 13, 1424 44 of 46

110. Chen, Y.; Wu, J.; Xu, Z.; Shen, W.; Wu, Y.; Corriou, J.P. Computational Assist-ed Tuning of Co-Doped TiO2 Nanoparticles for
Ammonia Detection at Room Temperatures. Appl. Surf. Sci. 2022, 601, 154214. [CrossRef]

111. Lee, J.H.; Kim, J.Y.; Mirzaei, A.; Nam, M.S.; Kim, H.W.; Kim, S.S. Room-Temperature Detection of Acetone Gas by Pani/Nio-
Loaded TiO2 Nanoparticles under UV Irradiation. Sens. Actuators B Chem. 2023, 374, 132850. [CrossRef]

112. Comini, E. Metal Oxides Nanowires Chemical/Gas Sensors: Recent Advances. Mater. Today Adv. 2020, 7, 100099. [CrossRef]
113. Avansi, W., Jr.; Catto, A.C.; da Silva, L.F.; Fiorido, T.; Bernardini, S.; Mastelaro, V.R.; Aguir, K.; Arenal, R. One-Dimensional

V2O5/TiO2 Heterostructures for Chemiresistive Ozone Sensors. ACS Appl. Nano Mater. 2019, 2, 4756–4764. [CrossRef]
114. Munasinghe Arachchige, H.M.; Zappa, D.; Poli, N.; Gunawardhana, N.; Attanayake, N.H.; Comini, E. Seed-Assisted Growth of

TiO2 Nanowires by Thermal Oxidation for Chemical Gas Sensing. Nanomaterials 2020, 10, 935. [CrossRef]
115. Li, A.; Zhao, S.; Bai, J.; Gao, S.; Wei, D.; Shen, Y.; Yuan, Z.; Meng, F. Optimal Construction and Gas Sensing Properties of

SnO2@TiO2 Heterostructured Nanorods. Sens. Actuators B Chem. 2022, 355, 131261. [CrossRef]
116. Ng, S.; Kuberský, P.; Krbal, M.; Prikryl, J.; Gärtnerová, V.; Moravcová, D.; Sopha, H.; Zazpe, R.; Yam, F.K.; Jäger, A.; et al. ZnO

Coated Anodic 1d TiO2 Nanotube Layers: Efficient Photo-Electrochemical and Gas Sensing Heterojunction. Adv. Eng. Mater.
2017, 20, 1700589. [CrossRef]

117. Jin, Q.; Wen, W.; Zheng, S.; Jiang, R.; Wu, J.M. Branching TiO2 Nanowire Arrays for Enhanced Ethanol Sensing. Nanotechnology
2021, 32, 295501. [CrossRef]

118. Tshabalala, Z.P.; Swart, H.C.; Motaung, D.E. Fabrication of TiO2 Nanofibers Based Sensors for Enhanced CH4 Performance
Induced by Notable Surface Area and Acid Treatment. Vacuum 2021, 187, 110102. [CrossRef]

119. Li, G.; Zhang, X.; Lu, H.; Yan, C.; Chen, K.; Lu, H.; Gao, J.; Yang, Z.; Zhu, G.; Wang, C.; et al. Ethanol Sensing Properties and
Reduced Sensor Resistance Using Porous NB2O5-TiO2 n-n Junction Nanofibers. Sens. Actuators B Chem. 2019, 283, 602–612.
[CrossRef]

120. Zhang, Y.; Bai, J.; Zhou, L.; Liu, D.; Liu, F.; Liang, X.; Gao, Y.; Liu, F.; Yan, X.; Lu, G. Preparation of Silver-Loaded Titanium Dioxide
Hedgehog-like Architecture Composed of Hundreds of Nanorods and Its Fast Response to Xylene. J. Colloid Interface Sci. 2019,
536, 215–223. [CrossRef]

121. Zhou, M.; Liu, Y.; Wu, B.; Zhang, X. Different Crystalline Phases of Aligned TiO2 Nanowires and Their Ethanol Gas Sensing
Properties. Phys. E Low Dimens. Syst. Nanostructures 2019, 114, 113601. [CrossRef]

122. Galstyan, V.; Ponzoni, A.; Kholmanov, I.; Natile, M.M.; Comini, E.; Nematov, S.; Sberveglieri, G. Investigation of Reduced
Graphene Oxide and a Nb-Doped TiO2 Nanotube Hybrid Structure to Improve the Gas-Sensing Response and Selectivity. ACS
Sens. 2019, 4, 2094–2100. [CrossRef]
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