
applied  
sciences

Review

Titanium Dioxide in Chromogenic Devices: Synthesis,
Toxicological Issues, and Fabrication Methods

Valeria De Matteis 1 , Alessandro Cannavale 2,3,* and Ubaldo Ayr 2

1 Department of Mathematics and Physics “Ennio De Giorgi”, University of Salento, Via per Arnesano,
73100 Lecce, Italy; valeria.dematteis@unisalento.it

2 Department of Sciences in Civil Engineering and Architecture, Polytechnic University of Bari, 70125 Bari,
Italy; Ubaldo.Ayr@poliba.it

3 Istituto di Nanotecnologia, CNR Nanotec, Via Arnesano 16, 73100 Lecce, Italy
* Correspondence: alessandro.cannavale@poliba.it

Received: 8 November 2020; Accepted: 10 December 2020; Published: 13 December 2020 ����������
�������

Abstract: The use of titanium dioxide (TiO2) within two specific classes of devices, namely
electrochromic and photoelectrochromic, is described hereafter, with respect to its inherent properties
and chromogenic features within architectures that have appeared so far, in this field. The new research
trends, involving the applications of TiO2 in chromogenic materials are reported, with particular
attention paid to the techniques used for film deposition as well as the synthesis of nanoparticles.
Furthermore, the main studies concerning its chemical-physical properties and approaches to its
chemical syntheses and fabrication are reviewed, with special regard to “green” routes. In addition,
the main aspects relating to toxicological profiles are exposed, with reference to nanoparticles and
thin films.
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1. Introduction

Titanium dioxide (TiO2) is a well-known photocatalyst and anti-microbial metal oxide material,
which is widely used in many commercial products [1]. A yearly production of 10,000 metric tons
has been estimated [2], mainly for nanosized TiO2. TiO2 nanoparticles (NPs) are used in a wide
range of applications due to their strong photocatalytic activity [3]. In addition, their white color is
particularly suitable for enhancing opacity in paints, plastics, food additives, and cosmetics [4–6].
The ability of TiO2 to filter UV-A wavelength radiation justifies its use in sunscreens [7]. Other types
of applications for TiO2 are water treatment, due to its purification capability [8], and self-cleaning
coatings for surfaces [9]. Its use in chromogenic devices and materials will be investigated in this work,

TiO2 NPs exhibit excellent catalytic behavior; the electronic energy levels, in a semiconductor,
constitute energy bands, hereafter designated as Valence Band (VB) and Conduction Band (CB),
unconnected by a band gap. When an electron in the VB captures an energy amount greater than
the band gap, it can be promoted to the CB, leaving a positive hole in the VB. When the electron
hole (e− h+) pair is produced, it can move towards the semiconductor surface, triggering several
redox reactions with chemical species adsorbed on the semiconductor surface, contributing to the
photocatalytic reaction [5,10]. The thermodynamic properties of its band structure are the basis of its
photocatalytic performance [11].

When surfaces are exposed to UV light, TiO2 produces Reactive Oxygen Species (ROS) such
as hydroxyl radicals and super oxide ions. When the size decreases at the nanoscale, the catalytic
activity is dramatically enhanced [12]. TiO2 mainly exists in three widely studied crystalline forms;
namely, anatase (tetragonal with a bandgap of 3.3 eV), rutile (tetragonal with a bandgap 3.1 eV), and
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brookite (orthorhombic); each one shows different photocatalytic activity due to distinct electronic
band structures and mass density [13]. Anatase and rutile forms are constituted by chains of distorted
TiO6 octahedra, where each Titanium (Ti) atom is surrounded by six oxygen atoms [14]. The synthesis
of brookite is difficult; for this reason, its application is limited. In general, the initial crystalline phase
is anatase, which is quickly converted into the rutile phase after calcination (600 ◦C); the process is
irreversible due to the bonds breaking and reforming. The brookite form can be transformed into the
rutile phase by heating it at 800 ◦C. Rutile is the most chemically stable of the three phases, with a
melting point between 1830 ◦C and 1850 ◦C [15], in accordance with thermodynamic calculations [16].
The most investigated TiO2 phase forms for photocatalytic applications are anatase and rutile; they
present a bandgap equal to 3.20 eV and 3.02 eV, respectively. Anatase shows larger photo-catalytic
activity due to its more negative conduction band edge potential (higher potential energy of photo
generated electrons) and high specific area and photochemical stability [17].

When TiO2 is exposed to UV radiation (λ = 384 ÷ 410 nm), e− h+ carriers are generated and redox
reactions can occur with chemical elements, such as water, Nitric Oxide (NOx), Sulfur Oxide (SOx),
Ammonia (NH3), Hydrogen Sulphide (H2S), Hydroxide (OH−) ions, Carbon monoxide (CO), and
Carbon dioxide (CO2), that are absorbed on the TiO2 surface [16].

The photocatalytic behavior of TiO2 has been understood since the early 19th century, and it
was not long after, in the 1970s, that Fujishima and Honda proposed the use of TiO2 powders for the
photoelectrolysis of water [18]. After UV exposure, the created holes (h+) in the VB oxidize H2O or
OH− ions to the hydroxyl radical (OH•); at the same time, the electrons promoted in the CB reduce the
adsorbed O2 species to a superoxide (O2

•), triggering a series of chemical reactions that lead to the
production of OH• radicals. These radicals react with organic substances, degrading them into H2O
and CO2.

TiO2 nanomaterials can show different shapes and sizes, and this influences their numerous
applications; for example, nanotubes [19] and nanorods [20] are more suitable for dye-sensitized
solar cells than nanospheres. In general, the physico-chemical properties of TiO2 NPs depend on
the synthetic route. “Top-down” and “bottom-up” approaches are commonly used to obtain NPs.
The top-down approach is based on the breaking of the bulk material into smaller particles by using
different techniques such as sputtering and thermal/laser ablation whereas, in the bottom-up approach,
NPs are synthesized using chemical and biological methods by the self-assembly of atoms [21].

Different techniques are suitable for the synthesis of TiO2NPs and fabrication of TiO2-based devices:
sol-gel, chemical and physical vapor deposition (CVD and PVD) techniques [22–24], sono-chemical
and microwave-assisted methods, hydrothermal and oxidation routes [25], spray pyrolysis [26–28],
wet chemical techniques [29,30], doctor blading [31], and anodization [32].

Moreover, in the last few years, the so called “green” routes have received great attention due to
their use of non-toxic solvents and their reproducibility with easily scalable processes [33].

2. Synthetic Routes and Fabrication Techniques for TiO2

2.1. Sol-Gel

The sol-gel method is a colloidal chemical technique, extensively used to synthetize large quantities
of metal oxide NPs at low temperature (<100 ◦C), with an accurate control of size and shape. In the first
step, the precursor monomers (metal oxides and metal chlorides) are converted into a colloidal solution
(sol) by hydrolysis; the sol acts as the precursor for gel formation, which forms particles or polymers.
The precursors are hydrolysed and poly-condensed to obtain colloids [34] (Figure 1). In detail, metal
alkoxides contain M-O-R bonds (M is the metal, O is oxygen, and R is the alkyl group). Hydrolysis
starts with a nucleophilic attack on the M-O bonds and a consequent nucleophilic substitution reaction,
in the presence of water, which replaces the O-R bonds in the O-H groups. The condensation step
occurs when the OH− groups develop a metal oxide network and build small nuclei [35]; in addition,
the possibility to customize the route allows for the design of different shapes of TiO2, applying
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several steps in the synthetic process [36]. The addition of chelating ligands, such as carboxylic acids,
β-diketones, or acetylacetone, in the sol-gel route permit the acquisition of sols and gels with specific
properties. For example, the use of β-diketones leads to the formation of smaller particles; these
chemical species act as capping and polymerization agents. One of the disadvantages of sol-gel is the
low purity of products that require long post-synthesis treatment [37].
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The sol-gel method is a versatile alternative for producing TiO2 films [38,39]. As already specified
in Section 2.1, the hydrolysis of specific precursors (such as metal alkoxides M(OR)4) produces the
so-called “sol” and then a “gel”, according to the following reactions of hydrolysis and condensation:

Hydrolysis: M(OR)n + nH2O→M(OH)n + nROH (1)

Condensation: M(OH)n →MO n
2
+
(n

2

)
H2O (2)

It has been observed that the color of TiO2 in the dark state depends on the precursor used;
you will have grey colored states if Titanium tetra-n-butoxide is used and blue colored states by
adding acetic acid to the alkoxide precursor before the hydrolysis steps in [40]. Eventually, a gel is
obtained when solvents undergo complete evaporation and polymerization takes place. In the case
of TiO2, an amorphous xerogel is obtained, as confirmed by X-ray diffraction analysis; eventually, it
may turn into crystalline anatase at about 673 K [40]. Sol-gel is a facile synthetic approach at room
temperature, allowing for low-cost deposition techniques, such as spin-coating or dip-coating, leading
to the fabrication of a dense, ceramic material. Tetraisopropoxide was reported as a suitable precursor
for both mesoporous and nanoporous TiO2 films [41]. Dinh et al. [42] investigated the electrochromic
(EC) properties of films fabricated using a sol-gel dipping method. Zhang et al. [43] adopted the sol-gel
technique to fabricate a solid-state EC device embodying TiO2 and a solid polyelectrolyte, reporting
transmittance modulation of 27.3%. The highest performance was obtained in the infrared region.
The highest coloration efficiency (CE) of 79.4 cm2/C was measured at 1000 nm; visible modulation
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was lower (16% at 560 nm). This work highlights the potential role of TiO2 as a cathodic EC material
especially devoted to infrared modulation.

Wu et al. [44] prepared EC TiO2, starting from a dispersion of NPs of different sizes. Their
NPS-based films were deposited on a transparent conductive oxide (TCO) by dip-coating using
different process rates (from 1000 to 3000 µm/s). Afterwards, the films underwent sintering by heating
them at 500 ◦C for half an hour. The authors observed the dependence of EC figures of merit on
thickness and roughness of the deposited films. Furthermore, they found that higher EC performance
was obtained by using NPs with a smaller diameter; 5 nm TiO2 gave modulations of 27.0% whereas
100 nm NPs gave just 16.9%.

In a recent work, TiO2 NPs were achieved by sol-gel method using different concentrations of
tetra isopropyl orthotitanate (TIP) at room temperature. The anatase and rutile mixed powder was
obtained after drying and calcination processes conducted at 500 ◦C. The SEM analysis showed a
spongy morphology and some agglomeration phenomena. In addition, the authors measured an
optical band-gap in the range of 2.7 to 3.12 eV; this result indicated that the photo-activity occurred
in the near visible region and shows that obtained TiO2 NPS may be suitable for several kinds of
application [45]. Singh et al. [46] obtained TiO2 NPS by the non-hydrolytic sol-gel route using TiCl4
and benzyl alcohol with high band-gap and absorption in the visible light region. These NPs were
used in an electron-transporting layer using a low-temperature deposition process on perovskite
solar cells, showing a high efficiency (18.97%) on the glass and 13.51% on flexible plastic substrates.
Titanium tetraisopropoxide (TTIP) in water-in-oil micellar solutions of water/cyclohexane/Triton X-100
was adopted to synthesize anatase TiO2 NPs by a hydrolysis-condensation process. In this way, the
authors obtained small NPs with a particle size of 10–15 nm, due to the gradual hydrolysis of titanium
alkoxide [47].

2.2. Chemical Vapor Deposition (CVD) and Physical Vapor Deposition (PVD)

The vapor deposition technique is based on the vaporization of a certain material from a source,
assisted by high temperature, vacuum, gaseous plasma. Eventually, the vapor condenses onto the
substrate to generate solid thin films. The process can be chemical (CVD) or physical (PVD) [48].

CVD is a deposition route widely used to achieve thin films made of crystalline or amorphous
compounds, metal alloys, and semiconductors. In the CVD process, a volatile precursor, in the presence
of some carrier gases (NH3, H2), induces the solid material formation at the atomic level in a reaction
chamber, which finally is formed on a specific substrate. There are two factors that lead to different
grain size and shape formation: substrate temperature and vapor supersaturation (Figure 2a). These
two parameters impact the rate of the film formation and the nucleation rate, respectively [49,50].

In particular, the growth of a single crystal on a substrate is promoted by high temperature and
low gas supersaturation. On the contrary, low substrate temperatures and high gas supersaturation
boost the formation of amorphous film development as well as the polycrystalline formation [51].
There are some variant of CVD, such as Atomic Layer Deposition (ALD), in which the precursors are
pulsed alternately, and they are introduced into the reaction chamber in order to obtain the material
by chemical surface reactions [52]. Small TiO2 NPs (<10 nm) were achieved using a helium/oxygen
atmosphere mixed to TTIP by pyrolysis. In addition, TiO2 films (30 nm) can also be obtained with the
same conditions, as demonstrated by Seifried et al. [53]. TiO2 nanorods (50–100 nm) were obtained by
metal organic CVD (MOCVD) using TTIP as a precursor [54]. TiO2 nanorods can be synthetized on silica
substrates by the MOCVD route using titanium acetylacetonate (Ti(C10H14O5)). The latter is vaporized
in the low-temperature area of a furnace (200–230 ◦C) before being moved to the high-temperature
zone, at 500–700 ◦C, by the gas carrier flow; finally, TiO2 nanorods can be obtained directly on the
substrates [55]. The thermal plasma synthesis permits the acquisition of highly pure products without
the use of high vacuum and capping agents. Macwan et al. [56] obtained different sizes of pure TiO2

NPs using different arc currents. The size ranged from 25 nm to 30 nm when the current was set
at 80 A and from 30 nm to 42 nm with a current of 120 A. In a CVD typical process, Ti powder is
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located on a quarts substrate in a tube furnace, and the temperature is increased to 850 ◦C in vacuum
under argon flow, obtaining TiO2 nanowires after 3 h [57,58]. A different CVD method was developed
by Zhang et al. [59] in order to obtain pure anatase-phase TiO2 films that were resistant and stable
at high temperatures. The precursor was represented by TTIP, which was dissolved in ethanol at a
concentration of 0.10 mol/L. The precursor was moved to a reaction chamber, where the substrate was
heated at 400 ◦C using carrier gas and compressed air followed by a post-annealing treatment using
high temperatures (600 to 1100 ◦C). The small crystalline anatase TiO2 showed high thermal stability
with a sheet-like grain structure.
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Differently from the CVD route, in the PVD processes the precursor is not a gas but a solid
material that can be deposited by its vaporization due to a high-energy source, such as an electron
beam or sputtering [60]. The vapor generated is moved to a low-pressure area by gas (oxygen, nitrogen,
or methane) or vacuum for its further condensation on the substrate, developing a thin film with
a nanoscale thickness. The main PVD routes are: thermal evaporation, electron beam evaporation,
sputtering, and ion plating [61]. Thermal evaporation is an approach mostly used in industrial
fields to deposit a thin film by the formation and growth of a specific material under High Vacuum
(HV) pressure and through different steps [62]. The target material is vaporized by applying high
temperature, and successively the vapor is transported to the substrate by vacuum. This last step is
characterized by the condensation of the material on a substrate, forming a thin film [63].

Ion plating technique is based on intermittent bombardment of a film by energetic flux ions, which
controls the properties of the depositing film. The process takes place inside an inert gas discharge
source where the gas pressure ranges from 1 to 0.1 Pa. The final product is a dense film suitable for
depositing a hard-thin film on compound materials [64]. Contrary to thermal evaporation, generally
the sputtering route does not require substrate heating to vaporize the solid material (Figure 2b) [65].
In fact, the atom escapes from the target materials by an atomic collision caused by argon or nitrogen
plasma bombardment, and the substrates are placed in front of the target at an appropriate distance.
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Finally, the target is vaporized and the vapors are deposited on the substrate, creating a thin atomic
layer. The entire procedure takes place in a vacuum chamber in the presence of low pressure plasma
(0.67 Pa) [66].

A largely used physical approach is reactive electron-beam evaporation, producing amorphous
TiO2 films (1 nm grain size) if the substrate temperature is kept below 300 ◦C during the fabrication
process; substrate temperatures higher than 400 ◦C allow for the fabrication of anatase TiO2 thin films.
Sputtering has been widely used as to produce TiO2 films. Reactive dc magnetron sputtering was used
by Sorar et al. [67]. In their work, several 200 nm thick films were fabricated to fully assess the effects
of the deposition parameters (i.e., the argon sputter gas pressure or oxygen to argon ratio) on their EC
figures of merit. Sputtering allowed for the fabrication of highly performing films at room temperature.
The same group also investigated the effect of the film thickness on EC properties, finding that the best
CE (26.3 cm2/C) can be observed in 400 nm thick films, fabricated at 25 ◦C with an oxygen/argon ratio
of 0.04 [68].

Albeit these methods are consistent for obtaining good TiO2 NPs, without the use of toxic chemicals
their use is often unfeasible due to the limitations caused by large energy consumption, the need of
expensive instrumentation, and long times required to reach thermal stability.

2.3. Sonochemical and Microwave-Assisted Methods

The sonochemical methods are used to develop TiO2 NPs with high photocatalytic properties by
the hydrolysis of TTIP in water or in a mix of ethanol/water under ultrasonic waves. Sonochemistry
is based on the use of ultrasound with frequencies between 20 kHz and 2 MHz to induce physical,
chemical, and thermal effects in solution [69]. This method includes three steps: formation, growth,
and implosive collapse of microcavities in a liquid [70]. Cavitation collapse triggers intense local
heating (~5000 K), high pressures (~1000 atm), and enormous heating and cooling rates (>109 K/s)
reaching temperatures in the order of 5000 K [71].

The cavitation step can be generated by different physical phenomena such as high velocity
rotation, Venturi, and high-pressure nozzles. The energy generated by these is converted into friction,
waves, and cavitation [72].

Microwave-assisted synthesis is a green route suitable to the preparation of different product
microspheres, gel beads, tablets, and thin films [73]. The microwaves are electromagnetic radiations
with wavelength ranges from 0.01 to 1 m, which are particularly effective to induce nucleation or growth
of material. The electromagnetic radiations induce an excitation of polar molecules by rotational and
vibrational motion producing heat. The process is characterized by low energy consumption with
respect to the electric furnaces widely used in CVD processes. In addition, the microwaves permit the
acquisition of nanoproducts with a higher yield in a shorter time, with a controllable particle size and
purity with respect to the other processes mentioned above [74].

In the microwave-assisted methods, the synthesis of TiO2 NPs occurs by irradiation of microwaves
with frequencies between 0.3 and 300 GHz. In general, this method is based on two steps, namely
dipolar polarization and ionic conduction [75]. Due to the fast heat transfer, this route can be applied
to synthesize TiO2 NPs with a good size control and reproducibility in a short time process (from
5 min to 1 h). However, the decrease in reaction time and temperature induces limitations in the
particle growth. In a work by Baldassarri et al. [76], anatase NPs were prepared in 30 min using
titanium tetrachloride (TiCl4) in H2SO4 aqueous solution, which was used to prevent the crystallization
of brookite. Cabello et al. [77] proposed the fast synthesis of colloidal anatase by the microwave
hydrothermal method, based on a sulphate esterification reaction and its application to the oxygen
reduction reaction. The authors obtained a TiO2 film on porous graphite substrates. Their catalytic
activity was measured by means of cyclic voltammetry. The synthesis of anatase, brookite, and rutile
TiO2 NPs were obtained by a microwave-assisted hydrothermal method using amorphous TiO2 as
a starting material at different concentrations (0.05 M, 0.1 M, and 0.2 M) in HCl. The nanomaterials
were obtained under hydrothermal conditions at 140 ◦C, 160 ◦C, 180 ◦C, and 200 ◦C and dried at
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room temperature in order to have a final product after vacuum treatment [78]. Reeja-Jayan et al. [79]
synthesized crystalline anatase TiO2 thin films on indium tin oxide (ITO)-coated glass substrates that
were immersed in a solution containing tetraethylene glycol (TEG) and a Ti-based sol-gel precursor.
The mix was further heated at 150 ◦C in a microwave reactor to create a nucleation site for the TiO2

film to grow on (Figure 3).
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Figure 3. (a) Schematic representation of microwave reaction to grow thin titanium dioxide (TiO2)
film. (b) XRD spectra of TiO2-indium tin oxide (ITO)-coated glass. The strong peaks were associated
with the anatase phase, in particular the (101) peak. (c) Microwave-grown TiO2 film on ITO-coated
glass. (d) Microwave-grown TiO2 film on Alluminium-coated glass. (e) Microwave-grown TiO2 film
on ITO-coated Polyethylene terephthalate (PET). Adapted from reference [79].

2.4. Hydrothermal Method

The hydrothermal route is a powerful tool to achieve stable nanomaterials, especially of
transition-metal compounds. This method is based on the crystallization phenomenon of a certain
material, caused by high vapor pressure and moderate temperature (about 300 ◦C) using an aqueous
solution of the material. The process occurs in an autoclave at a pressure of about 10 bar.

In general, the solvent is water, and a metal hydroxide (e.g., NaOH) is added as a mineralizer.
The metal salts or metal alkoxides are used as a source of metal ions. The first step is nucleation,
followed by particle growth in order to obtain a specific particle-size distribution. The same procedure
is required for the solvothermal method, differing only in the wetting liquid, which is usually an
organic solvent [80].

The hydrothermal method is particularly suitable for synthesizing anatase, rutile, and mixtures of
the rutile-anatase phases. Through this route, NPs with high purity and crystallinity can be obtained,
but some factors, such as temperature, reaction time, and the medium influence the crystallization
step. Reddy et al. [81] showed the synthesis of pure anatase and pure TiO2, controlling the reaction
conditions during the hydrothermal synthesis from TiCl4. They obtained pure anatase (5–15 nm) at
120 ◦C and pure rutile (15–25 nm) at 250 ◦C, without additives. Despite the great advantages, including
the possibility to obtain a nanotube morphology, this synthetic process requires long processing times,
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high NaOH concentrations, and expensive equipment; in addition, the control of crystal growth is
very hard. When the temperature is in the range between 100 ◦C and 200 ◦C, the crystallinity of TiO2

nanotubes increases, but a prolonged time of reaction promotes morphological NPs alteration. On
the other hand, the solvothermal route employs non-aqueous solvents and the reaction temperature
can be enhanced, overcoming the limit of the specific boiling point characterizing liquid solvents.
Kim et al. [82] used titanium isopropoxide (TIP) as a precursor to be decomposed by high temperature
in the surfactant-dissolved toluene solution. The solution was heated at 250 ◦C for 20 h in autoclave in
order to obtain small TiO2 NPs (about 6 nm). When a greater amount of precursor was added, the
shape of the nanomaterials turned in rods. Feng et al. [83] used a TiCl4 solution saturated with NaCl
at 160 ◦C for 2 h in order to obtain TiO2 nanorods. The solvothermal method allows control of the
shape, size, and crystallinity better than the hydrothermal method due to the higher control of titanium
precursors, temperature, duration, and solvents [84]. Recently, pure anatase TiO2 NPs with a small
size (7.5 nm) were achieved using TIP and isopropanol by the hydrothermal method. The product was
obtained after high temperature treatment (200 ◦C) in autoclave and following annealing at 350 ◦C [85].
Beyer et al. [86] reported a continuous hydrothermal flow route in order to obtain rutile TiO2 nanorods
with a temperature dependent tunable size (from 35 to 60 nm in length). Consequently, the bandgap
ranged from 3.2 to 3.5 eV.

2.5. Oxidation Method

The oxidation route requires the oxidation of Ti via the use of anodization or oxidants. In a typical
route, TiO2 nanorods on a Ti plate were synthesized using a 30 wt% H2O2 solution at 353 K for 72 h.
The formation of crystalline TiO2 takes place by a dissolution precipitation mechanism. When inorganic
salts (NaF, NaCl, NaSO4) are added, the TiO2 crystalline phase can be tuned; F and SO4 addition
promotes the anatase synthesis, while formation of rutile is boosted by Cl [87]. Nanotubes were
synthetized from a Ti sheet under a voltage between 10 V and 20 V in hydrogen fluoride. Additionally,
oxygen, argon, and acetone are used as sources of Ti oxidation [88]. Rutile TiO2 nanowires were
achieved by thermal oxidation of titanium foil via the use of potassium hydroxide (KOH) in two steps.
First, the reduction of KOH into droplets at 400 ◦C followed the oxide growth at 500–800 ◦C in the
furnace. The nanowires were obtained at high concentration and showed a length between 500 and
600 nm [89].

TiO2 rutile monocrystalline nanowires by thermal oxidation were also btained by
Arcadipane et al. [90], showing an improvement of photocatalytic activity compared to a reference
TiO2 bulk sample.

2.6. Spray Pyrolysis

Spray pyrolysis methods allow the formation of TiO2 and TiO2-based thin films in a one-step
process, without further purifications or more drying steps [13–15]. This method is based on the
aerosol formation from precursors (metallic salts or a colloidal solution), which are heated in a furnace
at high temperature, favoring formation of micro particles with a specific size after many steps of
evaporation, drying, and annealing [91] (Figure 4). Spray pyrolysis is a very simple and cost-effective
processing method that permits the acquisition of high-quality substrates or chemicals. The method is
also suitable for depositing dense, porous, and multilayered films, making it a powerful tool in the
glass industry [8] and in solar cell production [92].
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Recently, Ramadhan et al. [93] synthesized WO3 and TiO2 NPs by one-step flame spray pyrolysis,
for the applications in EC devices using TIP as a titanium precursor and ammonium metatungstate
hydrate ((NH4)6H2W12O40·xH2O,) as a tungstate precursor. Annealing of up to 1000 ◦C for 2 h was
used to improve the NPs crystallinity in order to use them in EC devices (2 wt%), and it showed high
transmittance as well as a fast kinetics. Wang et al. [94] obtained TiO2 NPs directly from three organic
precursors: TTIP, water-soluble titanium sources TC-300®, and TC-400® using the low-pressure spray
pyrolysis route. Dense films of TiO2 were deposited on F-doped SnO2 substrate by spray pyrolysis
and were used for several applications such as photocatalysts, sensors, and solar cell fabrication [95].

A molten salt-assisted pyrolysis process was achieved to obtain TiO2 nanowires [96] from
TiCl4-ethyl acetate and Na2S-ethyl acetate. Anatase TiO2 nanowires were obtained after calcination at
820 ◦C while rutile TiO2 nanowires were obtained at a higher temperature (970 ◦C).

2.7. The “Green” Route

The methods described above represent the most common methods used to synthesize high quality
TiO2 nanomaterials, but they unfortunately have several drawbacks. They often require the use of toxic
chemicals and long purification processes after synthesis, along with high-energy consumption. In this
framework, the so called “green chemistry” may represent an eco-friendly alternative to traditional
methods due to the use of natural, non-toxic agents (usually plants, microorganisms, or fungi) [33].
In particular, in the plant extracts, fito-constituents such as flavonoids, alkaloids, terpenoids, and
polyphenols act as reducing and capping agents of metallic/metal oxide solutions. Subhapriya et al. [97]
described the biosynthesis of anatase TiO2 NPs with a size ranging from 20 nm to 90 nm by using the
aqueous leaf extract of Trigonella foenum-graecum, an aromatic leguminous plant widespread in many
Middle Eastern, European, and Asian countries. In addition, the authors observed strong antimicrobial
activity of TiO2 on Staphylococcus aureus, Enterococcus faecalis, Klebsiella pneumoniae, Streptococcus faecalis,
Pseudomonas aeruginosa, Proteus vulgaris, Bacillus subtilis, Yersinia enterocolitica, and the fungus, Candida
albicans. Additionally, Azadirachta indica leaf extract was used by Thakur et al. [98] to produce spherical
TiO2, starting from an aqueous solution of Ti precursor. In the literature, other plants, such as Nyctanthes
arbortristis [99], Annona squamosa L. [100], and Echinacea purpurea [101], were used to obtain TiO2 NPs.
In the future, green TiO2NPs may be used to fabricate chromogenic materials for smart windows or
other suitable applications.

In Table 1, the advantages and disadvantages of each route were reported, together with the type
of nanoTiO2 obtained.
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Table 1. Synthetic routes, advantages, disadvantages, and morphology of nanoTiO2.

Synthetic Methods Advantages Disadvantages Morphology and Uses References

Sol-gel

− High yield;
− Low temperature;
− High control of size and shape

of nanoparticles.

− Low purity;
− Long post treatment synthesis.

− TiO2NPs (anatase and rutile);
− amorphous and crystalline

TiO2 thin film EC device;
− TiO2 thin films for perovskyte

solar cells.

[36–38,42,43,45,46]

Chemical Vapor
Deposition (CVD)

− The use of high vacuum is
not required;

− It permits the covering of
rough surfaces uniformly;

− The pressures used allow for
coating three dimensionally;

− The structures have large
aspect ratios;

− The reactor can be scaled to fit
several substrates;

− The source materials used are
toxic or flammable, requiring
careful management in the
design and operation of a CVD
process system;

− The process requires
high temperatures;

− The alteration of bond
strengths of the precursors
provokes some difficulties in
controlling stoichiometry.

− TiO2 nanorods;
− Amorphous TiO2 films. [24,48,54,55,102]

Physical Vapor
Deposition(PVD)

− The use of specialized
precursor materials, as used in
CVD, is not required;

− A large range of materials
(elements, alloys, and
compounds) are available
for deposition;

− The materials are less toxic
than those used for CVD.

− The sputtering target shows a
stable geometry.

− The PVD targets are
often expensive;

− A degradation of the substrate
can occur after radiation and
bombardment from
the plasma;

− The incident energy on the
target turns into heat;

− In some cases, the flux
distribution is not uniform and
requires other procedures to
adjust the position of the
substrates to achieve thin films
of uniform thickness.

− Amorphous TiO2 films;
− Anatase-phase TiO2 films for

electrochromic (EC) devices;
− TiO2 nanowires.

[56,58,59,61,67,103,104]
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Table 1. Cont.

Synthetic Methods Advantages Disadvantages Morphology and Uses References

Sonochemical and
microwave-assisted

methods

− The sonochemical reactors
show high mass transfer,
mixing time, and flow pattern;

− High rate of heating;
− High rate of cooling;
− Generation of shock waves.

− The decline of power
with time;

− It is not easy to obtain a
uniform distribution of
ultrasonic energy with an
ultrasonic bath;

− High frequency of irradiation;
− High power consumption.

− anatase, rutile and brookite
TiO2NPs

− TiO2 film
[69,76,78,81,105,106]

Hydrothermal method

− Suitable for creating
crystalline phases;

− Suitable for materials with
high vapor pressure;

− It provides well crystallized
and pure materials,
preventing additional
thermal treatments.

− Expensive equipment;
− Impossibility of observing the

crystal grow;
− Autoclaves require 300 ◦C and

10 bar.

− TiO2 nanorods
− pure anatase and rutile TiO2

[76,81,83,85,107]

Oxidation method

− TiO2 nanomaterials are
generated in one-step
anodization of titanium
without any
particular pretreatment;

− The annealing temperature
required is low.

− Use of toxic solvents;
− Growth and nucleation

steps instability.

− TiO2 Nanorods
− TiO2 thin film and plate
− Rutile TiO2 nanowires

[87,90,108,109]
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Table 1. Cont.

Synthetic Methods Advantages Disadvantages Morphology and Uses References

Spray pyrolysis

− Simple equipment and
experimental arrangement;

− It does not require the use of
high-quality reagents;

− The physical properties of
particles and films are tuned
by varying the preparative
conditions, additives, flow
rate, and the
precursor concentration;

− Low-cost;
− It permits the achievement of

porous and high-density films.

− The yield is very low;
− The scale up is difficult;
− The sulfides oxidation

phenomena can occur in air
atmosphere, but there are
difficulties with determining
the growth temperature.

− TiO2 thin film for EC devices. [26,93,110,111]

Green route

− It requires not toxic agents;
− Cheap lab equipment;
− Possibility to obtain

non-toxic nanomaterials.

− The sizes of the nanomaterial
are irregular;

− The control of crystal growth
is low.

− Anatase and rutile TiO2NPs [112,113]
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2.8. Deposition Techniques: Spin Coating and Doctor Blade

Solutions of titanium diisopropoxide bis(acetylacetonate) and 2-methyloxyethanol with proper
values of volume ratio [29] can be deposited by means of simple laboratory methods such as spin-coating
and further heating treatment. In general, spin coating is suitable for the fabrication of thin films in
order to deposit uniform coatings of materials on flat surfaces by centrifugal force.

This approach allows for the fabrication of both amorphous and anatase structures, according to
the heating temperature. Films obtained by chemical solution deposition reported optical modulations
of up to 35% for 0.3 µm thick films in visible wavelengths. Mihelčič et al. [111] reported the fabrication
of thin (100–400 nm) EC TiO2 and Ni1−xO coatings. The anatase TiO2 NPs, having a size ranging
from 6 to 10 nm, were dispersed in trisilanol heptaisobutylsilsesquioxane. The obtained dispersion
was deposited by spin-coating on glass and plastic (PET) film. In order to obtain the thin film, a
thermal treatment was made (150 ◦C), and it was successively used to obtain foil-based EC devices
with transmissive modulation of light. The doctor blade method allows the production of thin films on
large surface areas. In a typical doctor blading process, a well-mixed slurry composed of additives
and ceramic NPs is deposited on a substrate by meant of a doctor blade. The slurry spreads after a
flow is developed between the blade and the substrate; a film layer with a microscale thickness is
then formed after drying [114]. Transparent, as-prepared, TiO2 films were also made by the doctor
blade technique, subsequently sintered at 450 ◦C, and embodied in a quasi solid-state EC device [115].
The architecture of such devices utilizes transparent conductive oxide/8.1 µm thick TiO2/Electrolyte
and Polyethylene/Transparent conductive oxide. A transmittance modulation as high as 61.82% was
observed, activated by a bias of 3.7 V in 61.8 s.

Dinh et al. [116] developed EC TiO2 anatase thin transparent films (600 nm of thickness) on F-doped
tin oxide (FTO) substrates by the doctor blade technique using TiO2 NPs (15 nm). The coloration of the
devices occurred in LiClO4 solution (1M) showing a CE of 33.7 cm2 C−1 in the visible range.

3. Toxicity Assessment of TiO2 NPs and Films

The strategies adopted to evaluate the toxicity and the conceivable safety of nanomaterials are
the same as those used for conventional drugs [117]. However, nanosized materials exhibit unique
physico-chemical properties that require specific methods in order to assess the in vivo response and
the uptake effectiveness, drug release, and kinetics [118,119]. So far, no specific protocols have been
developed in the preclinical studies, although regulatory institutions from the USA (Food and Drugs
Administration, FDA), EU (European Medicines Agency, EMA), and Japan (Pharmaceuticals and
Medical Devices Agency, PDMA) are making strong efforts to produce a clear proposition regarding
nanomaterial safety [120,121]. The National Center for Advancing Translational Sciences (NCATS/NIH)
in the United States and the Innovative Medicines Initiative (IMI) in Europe are the relevant institutions
who are aiming to develop regulatory protocols [122]. NPs can enter into living organisms through
different routes, which are inhalation, ingestion, and skin penetration. Many in vitro studies have
shown the potential toxicity of TiO2 NPs on different cell lines; these effects are strongly dependent
on NP shape, size, aggregation, and crystalline forms. In general, the anatase phase was found to
be more toxic than the rutile phase; in addition, the small size and tubular shape were associated
to higher TiO2 toxicity. However, many variables in the safety assessment are introduced by cell
line models, which are different in terms of responsiveness, surface receptors, uptake mechanisms,
and sensibility due to the activation of different biochemical pathways during the NP exposure time.
For this reason, more complete studies devoted to the understanding of toxicity mechanisms are
derived from in vivo studies in which it is also possible to study NP distribution in the tissues and
organs once they have entered the body. Several studies were performed in order to understand
the toxicity of TiO2 NPs using different animal models and different administration routes. In order
to mimic the inhalation process, a micro-syringe was used to administer rutile 500 ug of TiO2 NPs
(80 nm) and anatase (155 nm) every day through the nose of female mice, showing the accumulation
in the brain [123]. The authors analyzed the inflammation response and oxidative stress (up to
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30 days of exposure) with daily TiO2 NPs administration. The boost of lipid peroxidation induced a
strong increase of tumor necrosis factor alpha (TNF-alpha) and interleukin (IL-1 beta), particularly
after anatase phase exposure. Additionally, hamsters, rats, and mice treated by TiO2 NPs (P25) for
up to 13 weeks showed macrophages and neutrophils activation, followed by strong pulmonary
inflammation [124]. The same NPs, at a concentration of 4.1 mg/m3, were used to treat Wistar rats by
aerosol administration for four weeks, and an increase of neutrophils in the bronchoalveolar lavage
fluid (BALF) was recorded [125]. TiO2 NPs are also commonly used as white food additives (E171)
in a lot of commercial products such as sweets, chewing gums, and puddings [21]; gastro-intestinal
accumulation has been studied as well as possible accumulation in several organs. In mice [126], the
oral exposure to TiO2 NPs at different concentrations (0, 324, 648, 972, 1296, 1944, 2592 mg/kg) up to 14
days provoked lethargy, loss of appetite, and passive behavior; in addition, accumulation of TiO2 NPs
was shown in the liver, kidneys, lungs, and spleen. The latter organ was also investigated in another
work, after the administration of TiO2 NPs into the stomach for one month (5, 50, and 150 mg/kg body
weight). The spleen underwent a damage and inflammation process due to the activation of a strong
lipid peroxidation triggered by ROS production [127]. The ROS production caused the activation
of a series of biochemical reactions that induced an unbalance of cell homeostasis, leading to DNA
damage [128]. A recent work [129] demonstrated the reduction of the richness and evenness of gut
microbiota, with the consequent disruption of gut microbial community compositions in adult mice
exposed to TiO2 NPs (50 mg/kg) by intragastric administration for 30 days. Mice presented a reduction
in motor activity, even when the memory brain function was not damaged. Li et al. [130] studied the
possible alteration of mice gut microbiota structure after oral administration of anatase and rutile TiO2

NPs for 28 days. The concentrations used were the equivalent consumed by candy lovers. NPs were
found to accumulate in the spleen, lung, and kidney; an alteration in terms of colon villi length and
width were recorded in the intestine (Figure 5). Furthermore, oral administration of two different sizes
of TiO2 NPs (260 nm and 66 nm) for 10 days boosted susceptibility of the small intestine portions such
as the duodenum, jejunum, and ileum of mice. The portions of organs extracted after the exposure to
NPs reported high levels of TiO2 accumulation with a consequent inflammation of several tissues by
cytokines activation [131].

TiO2 NPs are also used in the cosmetic and personal care industries, in particular in dermal
consumer products such as sunscreens and UV radiation filters [132]. Four pathways of penetration
across the skin have been identified depending on the physico-chemical properties of the compound:
intercellular, transcellular, and two transappendageal pathways, through hair follicles and sweat
glands [133]. The penetration of micro TiO2 NPs in epidermis and dermis is considered highly
improbable; microparticles tend to be retained on the outermost surface of the stratum corneum [134].
At the nanoscale level, the situation may be different [135,136] because NPs can cross the derma,
especially in the presence of irritations or lesions [137,138]. Numerous in vitro and in vivo studies
have been conducted to quantify the penetration rate of TiO2 NPs on both undamaged and injured skin.
According to works by Newman et al. [7], a negligible amount of TiO2 NPs penetrated healthy skin; this
conclusion was corroborated by Sadrieh et al. [139]. Most of the studies reported so far in the literature
deal with the direct exposure of living organisms and cells to TiO2 NPs by different administration
methods (oral, intravenous, intranasal, etc.) and incubation, respectively. These routes forecast the
use of a NPs suspension, namely a physiological medium in which NPs are dispersed (such as saline
buffers or culture medium). However, TiO2 is widely used in the development of devices by the use of
several techniques, for different fields, ranging from sensors to solar cells. Structure, concentration,
and crystal and grain size are important properties that have to be understood in order to address
their use in specific applications. In the case of devices, TiO2 is used to form nanometric or microsized
films with unique properties, often associated with other kinds of materials, to build multi layered
devices. In this scenario, it is interesting to evaluate their toxicity, which is expected to differ from that
observed in the studies reported above for NPs. Some works highlighted the compatibility of rutile
and anatase TiO2 surfaces as substrates for the cells grown. Carballo-Vila et al. [140] showed the good
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adherence and axonal growth of cultured rat cerebral cortex neurons on rutile surfaces. TiO2 exhibited
the highest degree of biocompatibility in terms of neurite extension observed in spiral ganglion (SG)
neuritis, compared with other types of films made of gold or stainless steel [141]. Moreover, regarding
hepatic cell lines, it has also been demonstrated that the hepatocytes were viable and metabolically
active in long-term culture on rutile and anatase TiO2 [142,143]. Cervantes et al. [144] used sputtering
technique in order to obtain different surface morphology, thickness, and roughness of the anatase and
rutile TiO2 thin films. The roughness ranged from 2.8 to 8.08 nm when the temperature was increased
from 300 to 800 ◦C. The films were used to evaluate the in vitro viability of Chinese Hamster Ovary
(CHO-K1) cells after 24, 48, and 72 h of culture. The obtained results indicated that thin films of TiO2

did not induce adverse effects on CHO-K1 proliferation. The highest cell survival rate was observed in
TiO2 films annealed at 800 ◦C (Figure 6).
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4. TiO2 in the Design of Chromogenic Devices—General Considerations

“Smart windows” may represent one of the fields in which TiO2 may be exploited. It has
been shown that the use of windows capable of modulating their spectral characteristics can lead
to significant energy savings, on an annual basis, both in terms of electricity consumption for air
conditioning and for artificial lighting [145]. An intelligent shielding of incident solar radiation also
may enhance indoor visual comfort for occupants. In the following pages, the duel use of TiO2 in
the field of “chromogenics” is shown. TiO2 can be used as a cathodic material in EC devices, and in
photoelectrochromic (PEC) devices—a relatively recent class of multifunctional devices—it can play the
role of a photoanode, with the aim of generating electrons by photovoltaic conversion. In our opinion,
this particular versatility of TiO2 deserves further considerations because this field of application could
lead to significant energy savings in several sectors, especially transportation and construction. TiO2

has caught the attention of several research groups working in the field of chromogenics worldwide,
who might offer a relevant contribution for limiting energy consumption. The term “chromogenic”
indicates the change of optical properties in response to an external stimulus [146]. Such stimuli may be
represented by an external bias (in ECs [147]), temperature (in thermochromics [148,149]) or ultraviolet
irradiation (in photochromics [150,151]) and oxidizing or reducing gases (in gasochromics [152]).
Spectral modulation of optical properties may result in an optimized tuning of the energy flux through
glazing, with particular reference to the visible and infrared ranges of the impinging solar radiation.
An accurate design and building integration of chromogenics may eventually reduce cooling/heating
loads and enhance indoor visual comfort as well [153–156]. Over the last few decades, a strong
impulse towards experimental research dealing with TiO2 has come via nanoscience. This has disclosed
unexpected, emerging properties of the materials due to shape and size, affecting interfacial behavior
as well as phonon and photon transport, and inverting the surface-to-volume ratio, as reported
previously in this work [88,157,158]. Different crystal structures have been reported for TiO2, such
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as anatase [159], brookite [160,161], and rutile [162,163]. In each of them, a TiO6 octahedron contains
Ti4+ ions, surrounded by six O2− atoms. Amorphous TiO2 has shown a larger bandgap compared to
anatase, whereas it was found to be narrower for rutile [147]. TiO2 has been widely adopted as an
EC material because it undergoes color modulation due to an external voltage, activating reversible
red/ox reactions.

Cathodic TiO2 films act as intercalation hosts for small cations, (mainly hydrogen or lithium).
TiO2 films are transparent (as-prepared) and turn into absorbing films if the following, reversible redox
reactions are activated:

TiO2 + xH+ + xe− ↔ TiO2−x(OH)x

TiO2 + xLi+ + xe− ↔ LixTiO2

This gives rise to a modulation, generally due to an absorbance contrast, rather than
reflectance [164]. In this way, electrons and ions can reach the defect positions of the TiO2 lattices when
a suitable voltage is applied, leading to the colored compound. Such absorbance change has reached
90%, in some cases, throughout the visible and infrared ranges as a consequence of lithium intercalation
within the anatase lattice [41]. EC devices generally include more superimposed layers [165]: an
electrolyte and two EC materials (anodic and cathodic ones) are sandwiched between two conductive
transparent substrates in a “battery-like” architecture (Figure 7). A systematic study dealing with
the EC properties of transition metal oxides was reported by C.G. Granqvist [147]. Though tungsten
oxide (WO3) is by far the most investigated EC oxide, TiO2 is also a widely investigated cathodic
coloring material, with a relatively larger coloration time and lower performance compared to WO3 [42].
Nevertheless, TiO2 is widely considered a promising candidate for smart windows due to its favorable
electrochemical stability, optical modulation, reversibility, low cost preparation, and easy scale up.
Compared to WO3 performance, TiO2 shows limited CE, higher bias, and slower kinetics [166].

Appl. Sci. 2020, 10, x FOR PEER REVIEW 18 of 35 

 

Figure 7. The five-layer stack of a generic EC device, with a “battery-like” architecture. 

It is widely recognized that nanosized materials show increased specific surface areas, porosity, 
and roughness, giving rise, in several cases, to extraordinary physical, chemical, and functional 
properties [167]. Some groups have reported the EC properties of nanocrystalline TiO2 films, 
modified using viologens and anthraquinones [168]. High surface area (80–100 m2/g) TiO2 (highly 
transparent in the as-prepared state) reported a reflectance contrast ratio of 5 at 600 nm [169]. Among 
TiO2 polymorphs, the monoclinic-phase TiO2(B) showed fast lithium intercalation features compared 
to anatase and rutile due to the more open structure of its crystal lattice. Coloration times of 5 s were 
observed by Giannuzzi et al. [170] in EC devices fabricated using TiO2(B) films, with full coloration 
at 2.0 V. Furthermore, a study by Patil et al., investigating one dimensional (1-D) brookite 
nanoneedles (650 nm long and 30 nm wide) obtained by hot-filament metal-oxide vapor deposition, 
reported an optical contrast of 67%, [171].  

Han et al. [172] presented some TiO2-doped WO3 films. Starting from the consideration that 
mixed WO3-TiO2 thin film had a five times longer lifetime than bare WO3, they prepared amorphous 
WO3 thin films, embedding crystalline anatase TiO2 by dipcoating. The mixing ratio of the two 
materials was found to strongly affect structural, morphological, and, eventually, the EC 
performance of films. EC devices were assembled using two electrodes and a Lithium-based liquid 
electrolyte. They observed that the nanocrystal-doped films showed enhanced ionic and electronic 
transporting properties and, eventually, better EC performance (higher CE—68 cm2/C—and 
modulation of ΔOD up to 0.65—and coloration/bleaching times of just 1 s). These figures were higher 
than bare WO3, which showed ΔOD of 0.32, CE of 49 cm2/C, and a coloration and bleaching time of 
up to 6 s and 23 s, respectively.  

Zhang et al. [43] reported enhanced IR modulation in spin-coated, solgel-based TiO2 films, 
assembled with solid hybrid polyelectrolytes. Modulation in the Near Infrared Region (NIR) region 
(28% at 900 nm) was found to be higher than in the visible wavelength (16% at 560 nm). CE of 79.4 ÷ 
82.7 cm2/C was found for 80 nm thick layers. Coloration and bleaching times were 16.1 s and 2.8 s, 
respectively. 

Barawi et al. [173] studied niobium (Nb)-doped TiO2 colloidal nanocrystals for their wide 
bandgap and promising plasmonic features. TiO2 nanocrystals doped with varying amounts of Nb 
nanoparticles have been used to prepare highly transparent electrodes that can be to be used in NIR-
selective EC devices. They fabricated a dual-band EC device with 10% doping concentration of Nb. 
The device showed complementary switching, according to the external voltage applied. In the 0÷3 

Figure 7. The five-layer stack of a generic EC device, with a “battery-like” architecture.

It is widely recognized that nanosized materials show increased specific surface areas, porosity,
and roughness, giving rise, in several cases, to extraordinary physical, chemical, and functional
properties [167]. Some groups have reported the EC properties of nanocrystalline TiO2 films, modified
using viologens and anthraquinones [168]. High surface area (80–100 m2/g) TiO2 (highly transparent
in the as-prepared state) reported a reflectance contrast ratio of 5 at 600 nm [169]. Among TiO2

polymorphs, the monoclinic-phase TiO2(B) showed fast lithium intercalation features compared to
anatase and rutile due to the more open structure of its crystal lattice. Coloration times of 5 s were
observed by Giannuzzi et al. [170] in EC devices fabricated using TiO2(B) films, with full coloration at
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2.0 V. Furthermore, a study by Patil et al., investigating one dimensional (1-D) brookite nanoneedles
(650 nm long and 30 nm wide) obtained by hot-filament metal-oxide vapor deposition, reported an
optical contrast of 67% [171].

Han et al. [172] presented some TiO2-doped WO3 films. Starting from the consideration that mixed
WO3-TiO2 thin film had a five times longer lifetime than bare WO3, they prepared amorphous WO3

thin films, embedding crystalline anatase TiO2 by dipcoating. The mixing ratio of the two materials was
found to strongly affect structural, morphological, and, eventually, the EC performance of films. EC
devices were assembled using two electrodes and a Lithium-based liquid electrolyte. They observed
that the nanocrystal-doped films showed enhanced ionic and electronic transporting properties and,
eventually, better EC performance (higher CE—68 cm2/C—and modulation of ∆OD up to 0.65—and
coloration/bleaching times of just 1 s). These figures were higher than bare WO3, which showed ∆OD
of 0.32, CE of 49 cm2/C, and a coloration and bleaching time of up to 6 s and 23 s, respectively.

Zhang et al. [43] reported enhanced IR modulation in spin-coated, solgel-based TiO2 films,
assembled with solid hybrid polyelectrolytes. Modulation in the Near Infrared Region (NIR) region
(28% at 900 nm) was found to be higher than in the visible wavelength (16% at 560 nm). CE of
79.4 ÷ 82.7 cm2/C was found for 80 nm thick layers. Coloration and bleaching times were 16.1 s and
2.8 s, respectively.

Barawi et al. [173] studied niobium (Nb)-doped TiO2 colloidal nanocrystals for their wide bandgap
and promising plasmonic features. TiO2 nanocrystals doped with varying amounts of Nb nanoparticles
have been used to prepare highly transparent electrodes that can be to be used in NIR-selective EC
devices. They fabricated a dual-band EC device with 10% doping concentration of Nb. The device
showed complementary switching, according to the external voltage applied. In the 0 ÷ 3 V window,
modulations of transmittance higher than 64% were measured in the 800–2000 nm range of wavelengths.
Upon the application of a higher bias, from 3 V to 4 V, further modulation in the visible region was
achieved, driven by lithium intercalation into the TiO2 anatase structure.

The same group [174] reported further results obtained using Vanadium-modified TiO2

nanocrystals and nanocrystalline WO3. Such materials were deposited on several electrodes, so as to
obtain a typical battery-like device architecture. WO3 was finely tuned to control NIR transmittance,
with low voltages (about 1.6 V for coloration and 0.5 V for bleaching), whereas V-modified TiO2 was
capable of modulating in the visible region, by applying a voltage of 2.2 V.

A single-step process was proposed to deposit WO3 nanoplate bundles—by chemical bath
deposition—over spray deposited TiO2 films. Nanoplate bundles were capable of improving the
charge transport and to prevent degradation of films.

Such films showed a current density of 3 mA/cm2 and a stable optical modulation (∆T) of 78%
after 1000 cycles [166].

The recent diffusion of studies regarding TiO2 as a suitable cathodic EC layer has been reviewed
by Maiorov et al. [175]. As is well known, TiO2 is a cheap and abundant material, is highly compatible
with other materials, and is inert. The doping of TiO2 nanocrystals with metal ions having valence
between 5 and 6 (optimal doping of about 10% of Nb, W, Mo, or Ta) allows for the design of nanoparticle
absorption due to plasmon resonance.

Wu et al. [44] modified TiO2 nanoparticles deposited on fluorine-doped tin oxide (FTO) substrates,
obtaining a device with reversible three-state optical transformation. TiO2 particles, with a size of 5 ÷
10 nm, were obtained by dip-coating, with a lifting speed of 3000 µm/s. The main figures observed
were a contrast of 57%, coloration and bleaching times of 6 s and 20 s, respectively, and stability after
1500 cycles.

Recent studies show a tendency to exploit the properties of TiO2 at the nanoscale, with significant
effects on the performance of EC devices. For instance, Zhang et al. [176] reported that oxygen
vacancies not only confer good near-infrared transmittance modulation, but also improve lithium
diffusion. They obtained TiO2 nanocrystals capable of modulating the infrared and visible light
transmittance independently in three distinct modes, with a modulation of 95.5% at 633 nm and 90.5%
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at 1200 nm, and fast kinetics. Moreover, they demonstrated that the electrical energy consumed in a
coloration/bleaching cycle can be stored in the device in the form of chemical energy; afterwards, such
“recycled energy” can be released for local reuse or even uploaded to the electrical grid.

Qu et al. [177] reported the performance of bifunctional electrode-based nanocomposite film based
on polyoxotungstate K10P2W17O61 and TiO2 nanowires, resulting in a combination of electrochromism
and energy storage features. The films were fabricated via hydrothermal and self-assembly combination
methods. The three dimensional properties of the TiO2 nanoarrays (favoring ion adsorption and the
transport of charges, with a very low resistance) enabled a high CE of 150.34 cm2/C (at 600 nm), cyclic
stability, and a the volumetric capacitance of 172.3 F cm−3.

5. TiO2 in Photoelectrochromic (PEC) and Photovoltachromic Devices

In contrast to EC devices, PEC devices [178] are capable of changing their transmittance properties
upon light absorption and do not require any external voltage to produce such effects. The activating
stimulus, for PECs, is the impinging light (as in photochromic films) but, in this case, the device absorbs
light and generates a sufficient driving force capable of activating the transmittance modulation in an
EC material, as described hereafter. Unlike photochromic molecules [150,179,180], which are widely
used in solar control lenses where one material hosts light detection and coloration at the same time,
the two processes require distinct materials within PEC devices. The first coupling of a TiO2-based
ruthenium polypiridine-sensitized nanocrystalline electrode (acting as a photoanode) with a WO3

EC counter electrode was proposed by Bechinger et al. in 1996 [181]. In this device architecture, the
dye-sensitized TiO2 played the same role as it does in Grätzel cells [182–184], producing the suitable
photovoltage required to color the EC cathodic material deposited on the counter electrode. In fact,
TiO2 indeed plays a different role in PECs, compared to EC devices. In this case, it is of fundamental
importance for it to harvest solar energy and convert it into electricity in order to guarantee the
operation of a PEC device. Because TiO2 plays the role of a photoanode, devoted to the photovoltaic
generation of electric charge, coloration is generally due to other EC materials, such as WO3 or
poly-(3,4-ethylenedioxythiophene) (PEDOT), which require relatively low photovoltage to undergo
full transmittance modulation. This first PEC device, if exposed to sunlight in short-circuit conditions,
undergoes a sensible modulation of transmittance because photogenerated electrons are free to move
towards the counter electrode via an external circuit. The latter electrode, negatively charged, activates
intercalation of small cations from a liquid electrolyte. This phenomenon is then very similar to the
intercalation process typically observed in EC devices, resulting in a reversible coloration of WO3.
The physical separation between photogeneration of electrons (on the TiO2-based photoanode) and
electron/ion insertion (on the EC counter electrode) is the reason why Bechinger’s device is considered
a “separated” architecture for PEC devices (Figure 8, left side). The two electrode substrates are
effectively sealed using a Surlyn thermoplastic, leaving an empty space to be filled by means of a
liquid electrolyte; generally, this is a solution of iodine ions in propylene carbonate. The ions are used
to reduce the dye after its oxidation due to electron generation. Furthermore, a study conducted by
Gregg [185], dealing with the same “separated architecture” for PECs, explained that the I2 typically
used in the electrolytes of dye-sensitized cells is decreased in order to maximize both the photovoltage
and the transparency of devices. Subsequently, Li et al. [186] used a polyaniline counter electrode
instead of the cathodic WO3. Because the former material shows an anodic behavior, the device was
colored in the initial conditions and underwent bleaching if irradiated, in short-circuit conditions.
Hsu et al. [187] utilized an organic dye for a TiO2 photo-electrode; in that case, the EC material
adopted was poly(3,3-diethyl-3.4-dihydro-2H-thieno-[3,4-b][1,4]dioxepine) (PProDot-Et2). An abrupt
change in PEC architectures was proposed by a research group from the German Fraunhofer Institute,
who deposited, for the first time, both TiO2 and the EC layer on the same electrode in a “combined
architecture” where PV and EC materials shared the same substrate, which had some interesting effects
on the device operation [188–190] (Figure 8 right side). Moreover, a thin transparent platinum layer
was deposited on the counter electrode, acting as a catalyzer.
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Figure 8. Cross-section of a typical photoelectrochromic (PEC) device with “separated architecture”
(left). Coloration in open circuit (upper part) and bleaching in short circuit (lower part) of PEC device
with “combined architecture” (right).

Such device colored in open-circuit conditions and bleached in the dark, if short-circuited. A
modulation of 41% was observed in the full irradiation of devices (1 sun), which took place in a couple
of minutes.

Another PEC with a “separated architecture” was proposed by Liao et al. [191], using poly-
(3,4-ethylenedioxythiophene) (PEDOT) as a cathodic EC material; the authors observed a CE of
280 cm2/C and a transmittance modulation of 22% at 630 nm. Krasovec et al. [192] scaled up their PECs
(with combined architecture) to dimensions of (10 × 10) cm2. A solid, ormolyte-based lithium ion
conductor was used, combining the electrolytic properties of organic polymers to a strong, inorganic
structure; the modulations of visible transmittance reached 63% (Figure 5, right side). A significant
step forward in the design of TiO2-based PECs was proposed by Wu et al. [193], who proposed the first
photovoltachromic device, embodying a dye-sensitized frame-type TiO2 photoanode. The center of
the device was transparent and acted as a smart window, changing color depending on the available
external irradiance. A photovoltachromic device not only undergoes smart transmittance modulation,
like PEC devices, but also provides photovoltaic conversion of solar energy. The fast coloration time
observed (as low as 4 s) was accelerated by the platinum catalyst deposited on the counter electrode.
This device also allowed for energy harvesting to be delivered to the electric grid. A significant boost
in photovoltaic conversion efficiency was reported in 2011 [194], with a photovoltachromic device that
reached a fair conversion efficiency (6.55%); the counter electrode was specially designed to allow for
a separation of the device features (photovoltaic and PEC), with many circuitries devoted to smart
coloration and electricity generation, respectively. Other works appeared, with the same approach,
to demonstrate not only the electro-optical figures of merit of such devices, but also the consequent
benefits in terms of energy yield and visual comfort [195,196]. A systematic work, dealing with the
main figures of merit of PEC devices containing dye-sensitized TiO2 photoelectrodes, has been reported
by the research group of Leftheriotis et al. [197,198]. They also investigated the properties of devices
containing poly(methyl methacrylate)-based gel electrolytes [199] and the long-term performance of
partly covered devices [200]. A new class of solar cells, based on mixed organic–inorganic halide
perovskites [201] has held some significance since 2012. The self-assembly of CH3NH3PbBr3 perovskite,
within the nanoporous TiO2 typically used in dye-sensitized cells, had already been studied by
Miyasaka et al. [202], who reported a conversion efficiency of 2.19%. In these devices, perovskite
acts as a light harvester, replacing the role of dyes in Grätzel cells. Later, it was observed that
organic–inorganic halide perovskites could conduct both electrons and holes; this point led to further
evolution of perovskite-based PVs towards more simple, planar perovskite solar cells [203,204]. The role
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of mesoporous TiO2, as reported by Park et al. [205], was to assists in the collection of charge carriers,
as demonstrated by the efficiency of these cells, reaching 22% in 2016. On the other hand, it was 15.6%
in planar cells.

Worldwide, perovskite-based technologies for PVs have attracted the attention of researchers and
manufacturers, with the aim of a fast increase of the figures of merit and the commercialization of stable,
large-area solar modules without relevant forms of hysteresis. In this roadmap, Eperon et al. [206]
demonstrated that perovskite solar cells could be fabricated at room temperature with a significant
reduction in the fabrication steps. They also demonstrated that a customized de-wetting of
CH3NH3PbI3-xClx perovskite after spin-coating may lead to the formation of micro-islands, partially
covering the surface to increase the device transparency. In their planar device, a compact TiO2

layer and a p-type spiro-OMeTAD hole transporter were embodied [206,207]. Such devices allowed
a further step forward in the design of photovoltachromic architectures. A multifunctional device,
including a semi-transparent perovskite-based PV film, was reported in 2015. It was coupled with an
EC material to generate a complex device (Figure 9). The first electrode hosted the semi-transparent
PV film (compact TiO2 was obtained by spin-coating a mildly acidic solution of titanium isopropoxide
in ethanol) on one side but was also coated with indium tin oxide (ITO) on the other. The latter
acted as one of the electrodes of the EC part of this architecture. The second electrode hosted the
cathodic EC material and was “glued” to the first one using a specially designed quasi-solid polymer
electrolyte (PEG-plasticized PEO containing lithium iodide) [208]. The PV film supplied electric power,
which could drive transmittance modulation until the transient coloration process was complete. Two
external circuits connected the photo-anode of the solar cell to the EC electrode and the PV cathode to
the secondary electrode of the EC device.Appl. Sci. 2020, 10, x FOR PEER REVIEW 22 of 35 
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Figure 9. Axonometric view of a perovskite-based photovoltachromic device. Transparent conductive
oxides (TCO), solid-state polymer electrolyte (SPE) (a). Pictures of the device in bleached (b) and
colored (c) states. Reproduced by permission of The Royal Society of Chemistry [208].

Hocevar et al. [209] scaled up a solid-state device to 30 × 30 cm2, which included a dye-sensitized
TiO2 layer, WO3 as the EC material, and a solid ormolyte electrolyte based on ormosilane within a PEC,
thus demonstrating a “combined architecture”. All the layers were fabricated by the sol-gel technique
and deposited by dip-coating. The Tvis modulated spontaneously from 76% to 35% in 15 min under
0.75 sun illumination (750 W/m2).

Sarwar et al. [210] investigated the applicability of salicylic acid derivatives as suitable dyes for
TiO2 films in PEC devices instead of the typical ruthenium-based sensitizers. They obtained the best
results using 5-methylsalicylic acid, observing an optical modulation of 40.8% at 550 nm (Table 2).
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Table 2. Fabrication techniques, role of TiO2 and figure of merits of EC devices.

Reference Fabrication Techniques for TiO2 Role of TiO2 Main Figures of Merit

Nunes et al. [159] Hydrothermal synthesis assisted by
microwave irradiation. Electrochromic material ∆R of 57%, 9% and 22% between colored and

bleached states, at 250, 550 and 850 nm

Dhandayuthapani et al. [166]
Two step process by combining chemical

bath deposition and nebulized
spray deposition

Electrochromic material ∆T of 78%; CE of 128.3 cm2/C

Choi et al. [168]
Spin-coated nanocrystalline films modified

with the viologen from an
aqueous solution

Electrochromic material
The absorbance difference at 608 nm between

the bleached and colored state of
meso-nc-TiO2 EC cell was about 0.43.

Giannuzzi et al. [170] Surfactant-assisted nonaqueous
sol−gel route Electrochromic material CE of 130 cm2/C

at 800 nm; coloration time of 5 s

Patil et al. [171] One dimensional brookite TiO2
nanoneedles coated on glass substrates Electrochromic material ∆T of 67% and ∆OD of 0.85

Han et al. [172] Dip-coating Electrochromic material CE of 68 cm2/C

Barawi et al. [173] Screen-printing of a Nb-TiO2-containing
viscous paste Electrochromic material ∆TNIR ≈ 53%, ∆TMAX = 67% at 2000 nm at 3 V.

Zhang et al. [176] Modified nonaqueous fluoride-assisted
one-pot method Electrochromic material

∆T of 95.4% at 633 nm, 98.7% at 800 nm, 90.5%
at 1200 nm, and 76.2% at 1600 nm after

2000 cycles

Qu et al. [177] Hydrothermal and layer-by-layer
self-assembly combination methods

Electrochromic material and
energy storage

CE of 150.34 cm2/C at 600 nm and volumetric
capacitance of 172.3 F/cm−3

Bechinger et al. [181] Dye-sensitized Nanocrystalline TiO2. Smart coloration according to
photogenerated photovoltage

Full modulation in 100 s. Highly reversible
after 107 cycles.

Hsu et al. [187] Synthesis of TiO2 nanoparticles as reported
for Gratzel cells [182].

Solar energy conversion and
photoelectrochromic behavior

∆T of 33.7%; switching response of 3 s; JSC of
0.89 mA/cm2 and VOC of 0.57 V

Hauch et al. [188] Doctor-blading
technique using a sol–gel TiO2 paste

Smart coloration according to
photogenerated photovoltage ∆T from 64% to 23% in 2 min

Liao et al. [191] Dip- coating of a TiO2-containing aqueous
suspension, dried in air

Smart coloration according to
photogenerated photovoltage CE of 280 cm2/C, ∆T of 25%
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Table 2. Cont.

Reference Fabrication Techniques for TiO2 Role of TiO2 Main Figures of Merit

Wu et al. [193] Spin-coating of TiO2 P25 paste Solar energy conversion and
photoelectrochromic behavior

Bleaching time of 4 s at open circuit.
Photovoltaic conversion efficiency (η) of 0.46.

Cannavale et al. [194] Screen-printable paste containing 30 nm
sized TiO2 colloids

Solar energy conversion and
photoelectrochromic behavior η of 6.55; ∆OD of 0.83 at 780 nm

Leftheriotis et al. [197] Doctor blade technique Smart coloration according to
photogenerated photovoltage ∆T of 36%; coloration time of 12 min.

Cannavale et al. [208] Spin-coating of a mildly acidic solution of
titanium isopropoxide in ethanol

Solar energy conversion and
photoelectrochromic behavior Average visible transmittance of 26%; η of 5.5%

Hočevar et al. [209] Sol-gel processing Smart coloration according to
photogenerated photovoltage ∆T of 41% in 15 min

Sarwar et al. [210] Doctor blade technique Smart coloration according to
photogenerated photovoltage ∆T of 40.8% at 550 nm
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6. Conclusions

Recent trends in the field of chromogenics demonstrate a renewed interest in the applications
of TiO2. In particular, from the examination reported here, though not exhaustive, the emergence
of a wide number of investigations dealing with this material in the nanoscale, mainly in the form
of nanoparticles and nanotubes, can be observed. The combination of TiO2 with other EC materials
(especially WO3) has recently made it possible to obtain enhanced performances that are of significant
interest. Additionally, the use in PEC devices represents another area of interest that includes the use
of TiO2 within the wider field of multifunctional devices.

In this review, the main characteristics of TiO2 have been reported, with special reference to their
morphological, structural, chemical, and physical properties. These characteristics have been related
to the main synthetic routes for NPs and to the process fabrication of thin films. One paragraph was
entirely dedicated to a rapid, though non exhaustive, review of the state-of-the-art regarding TiO2

toxicity, both in the form of NPs and in thin films, with specific regard to the current international
regulatory framework. Therefore, the EC properties of TiO2 have been discussed, reporting the main
studies concerning its use as a cathodic EC material in devices and as a sensitized photoelectrode in
PEC and photovoltachromic devices. This work aims to highlight the potential use of TiO2 for the
purposes of energy saving, exploiting its ease of deposition and the consolidated knowledge of its
properties, synthesis, and deposition systems.
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