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Abstract

In recent years, TiO2/ZnO hybrid nanostructures have been attracting the interest of the
scientific community due to their excellent photoelectrochemical properties. The main
advantage of TiO2/ZnO hybrid nanostructures over other photocatalysts based on
semiconductor materials lies in their ability to form heterojunctions in which the valence
and conduction bands of both semiconductors are intercalated. This factor produces a
decrease in the band gap and the recombination rate and an increase in the light absorption
range. The aim of this review is to perform a revision of the main methods to synthesise
TiO2/ZnO hybrid nanostructures by ZnO deposition on TiO2 nanotubes using
electrochemical processes. Electrochemical synthesis methods provide an easy, fast, and

highly efficient route to carry out the synthesis of nanostructures such as nanowires,
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nanorods, nanotubes, etc. They allow us to control the stoichiometry, thickness and
structure mainly by controlling the voltage, time, temperature, composition of the
electrolyte and concentration of monomers. In addition, a study of the most promising
applications for TiO2/ZnO hybrid nanostructures has been carried out. In this review, the
applications of dye-sensitised solar cell, photoelectrocatalytic degradation of organic
compounds, photoelectrochemical water splitting, gas sensors and lithium-ion batteries

have been highlighted.
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1. Introduction

In recent years, semiconductor nanomaterials have attracted the interest of researchers
due to their unique properties and potential applications. One of the most important
properties of most semiconductor nanomaterials is that the transfer of electrons and holes
is controlled by the phenomenon of quantum confinement, while the transport of photons
is closely related to the size and morphology of their surface. The quantum confinement
effects allow to modify the structure of electronic bands and increase the efficiency in the
transport of photogenerated electrons and holes (Adams et al., 2003; Alivisatos, 1996;
Roduner, 2006). In addition, the high surface area to volume ratio of nanomaterials
increases the surface reaction sites, allowing them to improve their catalytic properties.
The specific surface area and the surface/volume ratio increase as the size of the
nanostructure decreases (Valden et al., 1998). Increasing the specific surface area is
beneficial to some applications such as catalysis, photocatalysis and electronic devices
(Acar et al., 2016; Chu et al., 2012; Kuchibhatla et al., 2007; Soares and Alves, 2018;

Zhang and Cao, 2011).

Since lijima discovered carbon nanotubes in 1991 (lijima and Ichihashi, 1993), one-
dimensional nanomaterials have drawn great attention due to their unique physical and
chemical properties. These excellent properties can vary depending on the nanostructure
morphology. One-dimensional nanostructures typically consist of nanotubes, nanowires,
nanorods and nanobelts, and at least one of their dimensions should be in the 1-100 nm
range. Each of them has different geometry, properties and synthesis strategies
(Kuchibhatla et al., 2007; Xia et al., 2003). Nanotubes have excellent properties due to
the unique combination of their shape, nanosize and functionality (Hidayat et al., 2019;

Lin et al., 2013; Mor et al., 2006b).



Over the last years, nanomaterials research has focused on electrical and optoelectronics
devices. Semiconductor oxides have been of great interest due to their wide range of
electrical and optical properties, which can be explained by the solid-state band theory
and by ionic bonding concepts from solid-state chemistry (Banerjee, 2011). The
electronic properties of these semiconductor materials depend, mainly, on the nature of
the cation-oxygen bonding, which influences the electronic configuration, the coulombic
force of the cation-oxygen bond and the delocalization of holes at the edge of the valence
band (related to oxygen vacancies) (Banerjee and Chattopadhyay, 2005; Feldheim and

Keating, 1998; Klein et al., 1997).

Titanium oxide (TiO2) is the most popular and prospect photoelectrocatalyst due to its
high chemical stability, low toxicity, excellent physical properties and low cost. TiO- is
a n-type semiconductor generally consisting of two stable crystalline structures, anatase
(3.2 eV) and rutile (3.0 eV) (El Ruby Mohamed and Rohani, 2011; Feng et al., 2017;
Macak et al., 2007; Maziarz et al., 2016; Ng et al., 2015). TiO2 nanostructures have a high
specific energy density, an abundant availability, a large surface area and a wide band
gap that provides them a large number of active sites. The main characteristic of TiO>
nanostructures is that they can absorb photons when they are irradiated with light of a
wavelength whose energy is equal to or greater than its band gap. This phenomenon
causes the excitation of electrons from the valence band to the conduction band,
generating electron-hole pairs, which improves the photocatalytic activity,
electrochemical properties and the gas sensitivity of TiO2 nanostructures (Banerjee, 2011,
El Ruby Mohamed and Rohani, 2011; Nagamine, 2020; H. Wang et al., 2014; Zhang and
Cao, 2011). The photon energy absorbed by photocatalysts produces the excitation of
electrons up to the conduction band originating holes in the valence band. The

photoexcited electrons will induce reduction processes, while the holes originated in the



valence band will cause oxidation processes. Another of the most interesting
characteristics of TiO2 nanostructures is that they have few trap defects in their anatase
crystalline phase, so they can be used as photoanodes providing a rapid electron transport,
which results in a high photocatalytic performance (EI Ruby Mohamed and Rohani, 2011,

Kenanakis et al., 2015; Nagamine, 2020; H. Wang et al., 2014; Zhang and Cao, 2011).

In one-dimensional TiO2 nanostructures, as it also occurs in TiO2 nanoparticles, the
movement of electrons and holes is governed by quantum confinement, and the transport
properties related to electrons and photons are affected by the size and geometry of the
materials. However, a higher surface area to volume ratio of one-dimensional TiO>
nanostructures gives them unique physical and chemical properties and higher
photoelectrochemical performance in some areas. These properties are closely related to
the size of the material on a nanometric scale and the morphology of nanomaterials (Chen
and Mao, 2007; M. Yang et al., 2009). So far, a wide variety of one-dimensional TiO>
nanostructures have been found, such as nanotubes (El Ruby Mohamed and Rohani,
2011; Huang et al., 2013; Indira et al., 2015; M. Wang et al., 2014), nanowires (Banerjee,
2011; Ramgir et al., 2020; D. Wang et al., 2014; X. Wang et al., 2014), nanofibers
(Banerjee, 2011; Nagamine, 2020; Zhou et al.,, 2010), nanorods (Banerjee, 2011;
Kuchibhatla et al., 2007; X. Wang et al., 2014; Zhang and Cao, 2011; Zhou et al., 2010),
nanobelts (Banerjee, 2011; X. Wang et al., 2014; Zhang and Cao, 2011; Zhou et al., 2010),
or nanosponges (Blasco-Tamarit et al., 2018; Guo et al., 2008; Sanchez-Tovar et al., 2013;
Sanchez-Tovar et al., 2017, 2015a), among others. However, most research has focused
mainly on four categories: nanowires, nanobelts, nanorods and nanotubes (see Figure 1).
The first three categories have a solid structure, while nanotubes have a central hole. The
nanostructure that has attracted most interest is TiO2 nanotubes matrices. They are

extremely functional materials with a wide range of applications due to their good



semiconducting and biocompatibility properties (EI Ruby Mohamed and Rohani, 2011;

Huang et al., 2013; Indira et al., 2015; Le and Leu, 2018; X. Wang et al., 2014).

Currently, TiO2 nanostructures are showing great progress in applications such as dye-
sensitised (Mor et al., 2006a; Tsvetkov et al., 2020; H. Wang et al., 2014; Zhang and Cao,
2011), sensor devices (Drunka et al., 2019; Huang et al., 2013; Maziarz et al., 2016),
degradation of organic pollutants (Abellan et al., 2009; Gaya and Abdullah, 2008;
Hoffmann et al., 1995), Lithium-ion batteries (Farooq et al., 2020; X. Wang et al., 2014;
Yu et al., 2017) and photoelectrocatalytic water splitting (Ni et al., 2007; Palmas et al.,
2010; Sanchez-Tovar etal., 2017, 2015a). For these applications, the performance of TiO»
nanostructures depends, mostly, on the process of optical absorption of incident photons
and, consequently, on the photogeneration of electron-hole pairs. The electron-hole pairs
are disseminated across the entire surface of the nanostructures and they are responsible

for starting chains of photoelectrochemical reactions.

However, TiO2 has several limitations for contemporary applications. It has a large band
gap (~3.2 eV) —which limits some photocatalytic reactions—, low photocatalytic
activity under visible light, a large interfacial area that produces a poor charge transport
and single-phase and nanoscale characteristics —which induces rapid recombination of

photoexcited charge carriers (Maziarz et al., 2016; Tian et al., 2014) —.

In order to overcome these limitations, research has focused mainly on the doping of TiO-
nanostructures (Bonatto et al., 2020; EI Ruby Mohamed and Rohani, 2011; Farooq et al.,
2020; Lai et al., 2010; Sanchez-Tovar et al., 2017; Yang et al., 2017b) and the synthesis
of hybrid nanostructures (Feng et al., 2017; Kusior et al., 2019; Liao et al., 2018; Lin et
al., 2013; Liu et al., 2014; Oliveira et al., 2010; Prabakaran et al., 2019; Reddy et al.,

2020; Sun et al., 2018; Yuan et al., 2017). Although in previous decades doping of TiO>



nanostructures has seized practically all the attention, currently, research related to the
synthesis of TiO2 hybrid nanomaterials using metal oxides is gaining importance. TiO:
hybrid nanomaterials have been obtained with a large variety of metal oxides, such as tin
oxide (Sn0O;) (Kutuzova et al., 2020; Sharma et al., 2021), tungsten oxide (WO3)
(Odhiambo et al., 2020; Soares and Alves, 2018), zinc oxide (ZnO) (Hashem and Abdal-
hay, 2021; Hashemi et al., 2020; Q. Jiang et al., 2022; Sanchez-Tovar et al., 2020; M.
Wang et al., 2013), silicon oxide (SiO) (Liu et al., 2013; Mendoza et al., 2014), copper
(1) oxide (CuO) (Kianfar and Arayesh, 2019; Kubiak et al., 2020; Li et al., 2017), etc.
TiO2/Zn0O hybrid nanostructures have been selected as one of the most promising due to

the high reactivity potential of TiO. and the high electron mobility of ZnO.

ZnO nanostructures have attracted considerable interest due to their potential energy and
environmental applications (Batista-Grau et al., 2020; Drunka et al., 2019;
Samadipakchin et al., 2017; Zaitsev et al., 2019). The devices that use ZnO as
photoelectrodes can get high conversion efficiency of solar energy to electrical energy.
In addition, ZnO nanostructures have chemical and thermal stability, non-toxicity, low
cost, a direct band gap around 3.4 eV and large excitation binding energy (60 meV). For
these reasons, they have been widely used in photoelectrocatalytic reactions (Batista-
Grau et al., 2020; Drunka et al., 2019; Samadipakchin et al., 2017; H. Y. Yang et al.,
2009). Compared to TiO2, ZnO has a greater oxidization capacity of photogenerated

holes, better electrical transport properties and greater electron mobility (Xu et al., 2017).

The main advantage of TiO2/ZnO hybrid nanostructures is that the electrons and holes
photogenerated when irradiating the nanostructures with a wavelength whose energy is
equal to or greater than their band gap can move between the valence and conduction

bands of both semiconductors. The photoexcited electrons from the conduction band of



ZnO are transferred to the conduction band of TiO2, and the holes from the valence band
of TiO: are transferred to the valence band of ZnO, which reduces the recombination rate
of load carriers (Hernandez et al., 2015; Ng et al., 2018). This phenomenon is carried out
because ZnO has a similar band gap (3.4 eV) to TiOz (3.2 eV). Although ZnO stability in
electrochemical reactions under ultraviolet (UV) light irradiation is very limited, when
forming TiO2/Zn0O hybrid nanostructures, TiO: acts as a protective matrix, substantially
increasing stability (Herndndez et al., 2015; Liao et al., 2018; Liu et al., 2014).
Furthermore, since ZnO has a more negative conduction band edge (-0.32 V vs SHE (Lin
et al., 2016)) than TiO, (0.27 V vs SHE (Lu et al., 2012)), the photoelectrochemical
activity of the nanostructures under UV irradiation improves when TiO2/ZnO hybrid

nanostructures are formed (Lin et al., 2013).

Over the years, numerous synthesis methods for TiO2/ZnO hybrid nanostructures have
been developed, such as hydrothermal methods (Feng et al., 2017; Xu et al., 2017), sol-
gel (Indora et al., 2020; Tsvetkov et al., 2020), spin coating (Marimuthu and Anandhan,
2017), thermal decomposition (Liao et al., 2018), atomic layer deposition (ALD) (Yang
et al., 2017b, 2017a) and electrodeposition (Benkara and Zerkout, 2010; Sanchez-Tovar
et al., 2020). Most of the methods used to form TiO2/ZnO hybrid nanostructures involve
a previous step in which a TiO2 nanostructure is formed, mainly TiO2 nanotubes.
Therefore, in this work, in addition to the discussion of the synthesis methods of
Ti02/Zn0O hybrid nanostructures, a small compilation of the main methods of synthesis

of TiO2 nanotubes was made focusing on the electrochemical anodization of Ti.

2. Synthesis of TiO2 nanotubes

The formation of TiO, nanostructures increases the surface area of TiO»

photoelectrocatalysts, improves their electronic properties and controls its physical and



chemical behaviour. Furthermore, TiO> nanostructures contribute to improve the
reaction/interaction between a device and the surrounding environment making the
system more efficient and forming new reaction pathways (Roy et al., 2011). The
photochemical and surface properties of TiO2 photocatalysts are highly dependent on the
nanoscale and their specific surface area, which is related to the size and shape of the

nanostructures (Banerjee, 2011).

The photoelectrocatalytic activity of TiO- is mainly related to the size, shape and number
of defects of the nanostructures. For this reason, the optimization of morphology and
crystallinity has been studied over the years and a great variety of nanostructures has been
developed. The most studied and reported nanostructures are clearly the TiO2 nanotubes.
The tubular configuration provides unidirectional electrical channels that improve the
charge transport and increase the surface area, without affecting the geometric surface of

TiO2 nanostructures (Hernandez et al., 2015).

Ti02 nanotubes can be obtained mainly from electrochemical deposition (Lai et al., 2010;
Michalcik et al., 2012), electrochemical anodization (Indira et al., 2015; Lai et al., 2009;
Le and Leu, 2018; Macék et al., 2005; Zhou et al., 2014) and template-assisted methods
such as sol-gel techniques (Archana et al., 2019; Indora et al., 2020; Kenanakis et al.,
2015; Tsvetkov et al., 2020), hydro/solvothermal methods (Kasuga et al., 1999; Tian et
al., 2003; Yao et al., 2003) and atomic layer deposition (ALD) (Yang et al., 2017b,
2017a). The methods that involve the use of templates require a subsequent compaction
process on the surface of a conductive electrode, which implies that nanotubes have an
arbitrary orientation with respect to the electrode, thus eliminating the advantages of
having one-dimensional directionality nanostructures. However, the electrochemical

anodization method makes it possible to form a matrix of TiO2 nanotubes perpendicularly



aligned to the substrate surface with a well-defined and controllable tube length (Huang

etal., 2013; Indira et al., 2015; Sanchez-Tovar et al., 2015a).

Electrochemical synthesis methods are based on controlled oxidation and reduction
reactions. They provide an easy, fast, and highly efficient route to carry out the synthesis
of nanostructures such as nanowires, nanorods, nanotubes, etc (Topo, 2013).
Electrochemical methods allow to control the stoichiometry, thickness and structure of
the formed films mainly controlling the voltage, time, the composition of the electrolyte
and the concentration of monomers. The manipulation of these variables provides a wide
range of morphologies and growth rates, giving excellent control over the morphological
properties of photoelectrodes. Moreover, precise control over the growth process of
nanostructures can be obtained by monitoring the potential or current during the synthesis
process (Choi et al., 2010; Ostojic et al., 2017; Pantelis and Tsiourva, 2017). The main
advantages of electrochemical synthesis methods compared to other methods such as the
hydrothermal method, sol-gel or atomic layer deposition is that the synthesis can be
carried out easily, at low cost, with high purity and at low temperatures and pressures. In
addition, they have the advantage that the nanostructured material grows directly on a
conductive substrate, which is very favourable for device assembly (Topo, 2013; Yoon et
al., 2016). Furthermore, since a wide range of materials such as metals, oxides, or
hydroxides, among others, can be synthesised by electrochemical methods, the strategies
developed to obtain a certain morphology could be extrapolated to various materials

(Choi et al., 2010).

In recent years, numerous methods to form TiO> nanotubes have been developed due to
the extraordinary and novel properties that these nanostructures exhibit. Probably, the

first method to produce TiO2 nanotubes was the electrochemical deposition method

10



(Hoyer, 1996). In that research, TiO2 nanotubes were electrodeposited into an ordered
alumina template (Al.Oz layer) using an electrolyte formed by titanium (I11) chloride
(TiCl3) with a potential of 0.4 V vs silver/silver Chloride (Ag/AgCl). The nanotubes
formed had a length of 8 um with an inner diameter between 50 and 70 nm and a wall
thickness of about 25 nm (Hoyer, 1996). This technique is based on applying an electrical
potential that makes the addition of the metallic cations contained in an aqueous solution
to a conductive substrate possible. Although it is not very common to use this method to
synthesise TiO2 nanotubes, some publications can be found in literature. TiO2 nanotubes
can also be formed by one-step electrodeposition without using metal titanium (Ti)
substrates or templates, carrying out an electrochemical deposition process on fluorine-
doped tin oxide (FTO) with an aqueous solution composed of ammonium
hexafluorotitanate ((NH4).TiFe) and boric acid (HBO3) at a constant potential of —-0.8 V

vs Ag/AgCI (4 M potassium chloride (KCI)) at 90 °C for 30 min (Chu et al., 2012).

Later on, other techniques involving the use of templates have also been reported such as
sol-gel techniques, hydro/solvothermal methods and atomic layer deposition (ALD).
Most of the processes that involve the use of these techniques employ acid-catalysed
hydrolysis reactions of titanium alkoxide precursors followed by condensation reactions
(Roy et al., 2011). For example, TiO2 nanotubes can be prepared with a sol-gel method
combined with a hydrothermal process. These methods usually use high temperature,
high pressure and aqueous catalyst solutions (Banerjee, 2011; Roy et al., 2011; Tsvetkov
et al., 2020; Zhang et al., 2002). First, a mixture with the precursor material —such as
titanium isopropoxide, for example— is made. Then, a hydrolysis step is carried out and
the final solution is evaporated to get a dry gel mixture. The nanostructures are treated
with NaOH solution in an autoclave and subsequently an acid treatment is performed.

Finally, TiO2 nanotubes are obtained by rolling of the nanolayer sheets into tubes. The

11
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amount, length and size of the synthesised nanotubes depend on the specific conditions

in which the reaction is carried out (Cheng et al., 2016; Tsvetkov et al., 2020).

Another well stablished method to synthesise TiO> nanotubes is the ALD method. A
template surface —such as a carbon nanotubes template— is coated with one atomic layer
over another through alternating cycles of exposure to a titania precursor —such as
titanium isopropoxide— followed by hydrolysis and purging steps. It allows the
formation of vertically aligned rod or nanotubular structures on the surface of the
substrate. However, it sometimes involves a critical step of template removal (Roy et al.,

2011; Yang et al., 2017a, 2017b).

With these synthesis methods, single tubes or tube clusters that require a subsequent
compaction step are formed, resulting in arrays of nanotubes with arbitrary orientation
(Roy et al., 2011). In order to solve these problems, electrochemical anodization process
is used to coat the titanium surface with a dense, well-defined and controlled length
nanotube layer, without the need to perform a subsequent compaction step on a
conductive substrate. This synthesis method makes it possible to take full advantage of
the benefits of one-dimensional directionality nanostructures. In addition, it is an
extremely versatile and easy to scale structuring process (Paramasivam et al., 2012; Roy

etal., 2011).

Of all the methods, special attention is given to the direct oxidation of Ti metal using an
oxidizing agent through a conventional electrochemical anodization, which implies that
the synthesis is developed at low cost. This method has the inherent advantage of forming
TiO2 nanostructures directly on titanium substrates, so they do not need to be compacted
or sintered at a later stage. Electrochemical anodization makes it possible to form self-

ordered TiO2 nanomaterials on titanium substrates. It is a very useful method to form a
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wide variety of one-dimensional TiO2 nanostructures such as nanoporous or nanotubular

structures.

2.1. Electrochemical anodization for the formation of self-organized TiO:2

nanotubes

Although a large number of nanostructures can be formed by electrochemical anodization
of metal Ti, such as nanowires (X. Wang et al., 2014), nanotubes (Indira et al., 2015),
nanoflowers (Kusior et al., 2015), nanosponges (Sanchez-Tovar et al., 2013), etc., TiO2
nanotubes are the nanostructures that have attracted the most attention. Zwilling et al.
(1999) developed in 1999 the first electrochemical anodization process for the formation
of self-ordered TiO2 nanostructures. TiO2 nanotubes were formed by electrochemical
anodization at room temperature and using a fluoride electrolyte. However, the thickness

of the layers obtained exceeded 500 nm and the aspect ratio was significantly low.

Fluoride ions attack the compact titanium dioxide layer dissolving the formed TiO> and
producing pores, cracks, or tubes, which form the TiO2 nanostructure. Different structures
of titanium oxide such as compact oxide plane or a highly self-organizing nanotube layer
can be obtained by controlling the electrochemical anodization parameters (temperature,
potential, electrolyte species, viscosity, electrolyte pH, aqueous or organic electrolytes,
etc.) (Huang et al., 2013). The electrochemical anodization generally consists of 3 stages
(Figure 2). In the first stage, there is an increase in resistance (decrease in current density)
caused by the growth of a TiO2 layer on the metallic titanium substrate. In the second
stage, there is an increase in current density caused by a local thinning of the TiO> layer.

This fact occurs because fluorides react with TiO2 originating [TiFs]>~ complex, which is

13



dissolved in the medium. Finally, in the third stage, the equilibrium between the formation

and the dissolution of TiO> is reached (Ghicov and Schmuki, 2009).

Different concentrations of fluorides result in different anodization behaviours. On the
one hand, if fluoride content is too low, only a TiO> compact layer is formed. This is
because there are not enough fluorides to attack titanium dioxide. On the other hand, when
the fluoride concentration is too high, there is no oxide formation because all TiO- react
immediately with the fluorides forming [TiFs]*>~. For this reason, the fluoride

concentration must be at an intermediate value (Qin et al., 2021b; Roy et al., 2011).

After the research carried out by Zwilling et al. (1999), a multitude of procedures have
been developed to find the optimal electrolyte and the experimental parameters that allow
to get high quality self-organizing nanostructures efficiently. At first, the most used
electrolyte for the TiO. nanotubes formation by electrochemical anodization was a
hydrofluoric acid solution (HF) (Mor et al., 2006b). Well-aligned TiO2 nanotube arrays
can be obtained using an aqueous HF electrolyte with a concentration of 0.5 wt.% and
potentials between 10 and 20 V for 20 min at room temperature. The lower the HF
concentration is, the higher the voltage will be to form tubular nanostructures. In these
conditions, the mean diameter of the tube increases as the potential increases (Gong et
al., 2001; Mor et al., 2003). Furthermore, it has been shown that, when using an
electrolyte formed by 0.5 wt.% HF + acetic acid in 7:1 ratio with a potential of 10 V, the
wall thickness and the nanotubes length decrease when increasing the anodization
temperature (Mor et al., 2005). Other fluorinated compounds, such as sodium fluoride
(NaF), have also been studied afterwards. It is possible to form TiO2 nanotubes with a

well-organized homogeneous porous structure using an electrolyte composed of 1M
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sodium sulphate (Na2SO4) with different amounts of NaF (0.5 - 1 wt.%) and applying a

potential of 20 V for at least 2 hours (MacAKk et al., 2005).

The control of the length, pore size and wall thickness of nanotubes mainly depends on
the electrolyte. Currently, the morphology of TiO2 nanotubes can be easily controlled by
adjusting the anodization conditions and using novel electrolytes (Prakasam et al., 2007,
Wang et al., 2009). In a research carried out by Prakasam et al. (2007), the influence of
anodization parameters on the dimensions of nanotubes was analysed. For this purpose,
an electrolyte composed of ethylene glycol, water and ammonium fluoride (NH4F) were
used. The anodization process was carried out by modifying the NH4F concentration (0.1
- 0.5 wt.%), water concentration (1-3 vol.%), potential (20-80 V) and time (4 - 96 h) while
the anodization temperature was kept constant (22 °C). The results showed the formation
of highly ordered nanotube arrays whose dimensions can be easily adjusted from the
anodization parameters. For a potential of 60 V and an anodization time of 17 h, it was
observed (i) an increase in the length of the nanotubes when the concentration of NH4F
increased from 0.1 to 0.3 wt.% and (ii) an increase in the length of the nanotubes for NH4F
concentrations lower than 0.3 wt.% by increasing the water concentration from 0 to 2
vol.%. In addition, for an anodization time of 17 h and concentrations of 0.3 wt.% NH4F
and 2 vol.% water, an increase in the length of the nanotubes from 5 to 165 pm was
observed when the potential increased from 20 to 60 V, respectively. For these conditions,
an increase in both the internal and the external diameter was also observed. Finally, the
anodization time was altered between 4 and 96 h. The results showed that the length of
the nanotubes increases as the anodization time increases, obtaining a length of 360 pum
for the anodized nanotubes during 96 h. The use of new electrolytes with an organic base
makes it possible to significantly increase the growth rate of the nanotubes with respect

to that obtained with amide-based electrolytes and aqueous solutions.
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One of the most important aspects of photocatalysts based on TiO2 nanotubes is the pore
diameter. A decrease in the pore diameter of the nanotubes provides a greater number of
active sites and an increase in photocatalytic performance. The pore diameter of TiO>
nanotubes is mainly influenced by the applied potential and the electrolyte composition
(fluoride concentration, amount of water, viscosity, acidity, etc.). Although the pore
diameter of TiO. nanotubes does not depend solely on a single parameter, since it is
necessary to optimize all of them, it generally decreases as the applied potential and water
content decrease and the fluoride concentration increases (Mansoorianfar et al., 2021;
Mercado et al., 2019; Qin et al., 2021a, 2021b, 2015). According to the bubble mould
theory, a high current density will reduce a large amount of oxygen ions pressurizing the
oxide layer and generating nanotubes of larger diameters, while cavities cannot grow
normally with an excessively low current density due to the lack of sufficient oxygen

molecules in the oxide layer (Mansoorianfar et al., 2021).

Besides studying the influence of electrolyte composition, potential and time, parameters
such as hydrodynamic conditions during the anodization process have also been recently
studied. This technique is relatively novel and it consists of spinning the working
electrode around its own axis using a rotating system. Highly ordered TiO2 nanotube
arrays can be synthesised by anodization under hydrodynamic conditions using
electrolytes composed of ethylene glycol, water (1 M) and NH4F (0.01 - 0.5 M). The
potential used is 55 V and the anodization time can be 15 or 30 min. The rotation speed
of the working electrodes can be adjusted based on the Reynolds (Re) number. With
hydrodynamic conditions, it is possible to obtain much more defined nanotubes than
under static conditions. This is because the flow conditions are much better under these
conditions than under magnetic stirring conditions. Furthermore, under static conditions,

nanotubes have an initiation layer on their top limiting the efficiency of the photocatalyst
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due to the reflection losses. However, under hydrodynamic conditions, the initiation layer
is removed. As the Re number increases, the tube entrances become more visible and
defined and the diameter of nanotubes increases. This system makes it possible to design
both the top of the tubes and their length and to remove unwanted top layers. The
elimination of the initiation layer of nanotubes results in an increase in their efficiency

for photoelectrochemical applications (Sanchez-Tovar et al., 2015b, 2012).

Although ethylene glycol is the most widely used compound to form TiO2 nanotubes on
an organic basis, other compounds such as glycerol have also been used. It is possible to
synthesise TiO2 nanotubes using electrolytes composed of glycerol/water (60:40 vol.%)
and NHsF, both under static and hydrodynamic conditions. In these conditions,
nanostructures with nanotubes or nanosponges morphology could be synthesised by
modifying the parameters of the anodization process (Sdnchez-Tovar et al., 2017, 2015a,
2013). Figure 3 shows a summary of the morphology obtained as a function of the
anodization conditions at room temperature in electrolytes composed of glycerol/water

(60:40 vol.%) (Sanchez-Tovar et al., 2013).

Once the anodization process is finished, TiO2 nanostructures usually present an
amorphous structure regardless of the anodization conditions used. Therefore, it is
necessary to carry out a heat treatment to convert their amorphous structure into a
crystalline structure (Asgari et al., 2017; Blasco-Tamarit et al., 2018; Fakharuddin et al.,
2015; Indira et al., 2015; Sanchez-Tovar et al., 2017, 2015a, 2015a; Sivaprakash and
Narayanan, 2020; Zhou et al., 2014). However, it is also possible to synthesise crystalline
TiO2 nanostructures by electrochemical anodization, without the need to perform a
subsequent heat treatment. The main parameters that affect the crystallinity of the as-

anodized TiO2 nanostructures are the applied potential, anodization time, fluoride

17



concentration and amount of water added. Allam and Grimes (2009) studied the influence
of the potential and electrolyte composition on the crystallinity of TiO2 nanotubes
synthesised by electrochemical anodization (Figure 4). An increase in applied voltage
improved the crystallinity of as-anodized TiO2 samples, using electrolytes composed of
ethylene glycol (EG), diethylene glycol (DEG), triethylene glycol (TEG), tetraethylene
glycol (TetEG) or polyethylene glycol 400 (PEG) in combination with 0.2 M NH4F, 0.05
M H>SOs4 and different percentages of water for 20 h. The amount of added water plays
a critical role on the crystallinity and morphology of the TiO2 films formed by
electrochemical anodization. A small amount of water can help the formation of
crystalline anodic TiO> films, while a too high amount of water leads to the formation of
amorphous anodic TiO> films (Allam and Grimes, 2009; Su et al., 2013; Tsuji et al.,

2014).

Crystallinity has an influence on the photoelectrochemical performance and the light
adsorption of photocatalysts (Duarte et al., 2020; Li et al., 2009; Mercado et al., 2019;
Tsui et al., 2013; Tsvetkov et al., 2020). Figure 5 shows the photoluminescence of TiO>
nanostructures as a function of the annealing temperature (Yu and Wang, 2010). The
crystalline phase can be controlled with the annealing temperature. The most suitable
crystalline phases to carry out photoelectrochemical applications are the anatase and rutile
phases. When carrying out a heat treatment between 300 and 600 °C, the anatase phase is
mainly observed. In this temperature range, the crystallinity of nanostructures and the size
of the crystallites formed increase by increasing the annealing temperature from 300 to
600 °C. At a temperature of 600 °C, the three crystalline phases of TiO- are present: rutile,
anatase and brookite, although the brookite phase appears in a very low proportion. The
transformation of the anatase phase into the rutile phase takes place in temperatures

between 600 and 800 °C. The anatase phase decreases and the rutile and brookite phases
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increase as the annealing temperature increases. From 700 °C on, most of the anatase
phase is transformed into the rutile phase. For annealing temperatures above 800 °C, the
TiO2 nanostructures mainly show the brookite phase (Allen et al., 2018; Duarte et al.,
2020; Yu and Wang, 2010). Table 1 shows some examples of the main parameters used
to synthesise TiO. nanotubes by electrochemical anodization of Ti, according to the

research carried out in the last years.

3. Synthesis of TiO2/Zn0O hybrid nanostructures

The photocatalytic activity of TiO2 nanostructures under visible light irradiation is limited
due to its wide band gap (3.2 eV for anatase phase, A =390 nm and 3.0 eV for rutile phase,
A = 415 nm) (Miyoshi et al., 2018; Reyes-Coronado et al., 2008). The
photoelectrochemical performance depends mainly on the process of optical absorption
of photons, which generates electron-hole pairs that will initiate chains in photochemical
reactions. In general, metal oxide photocatalysts are not photocatalytically excited in the
visible range because they have wide band gaps, such as TiO2 and ZnO. Since the
ultraviolet light represents only a 7 % of the solar spectrum, it is necessary to reduce the
band gap of the photocatalysts to extend the light absorption range of photocatalysts and
thus improve their photocatalytic activity. However, reducing the band gap causes an
increase in recombination processes and, therefore, a decrease in the
photoelectrochemical efficiency (Hernandez et al., 2015; Liao et al., 2018; Lin et al.,

2013; Lu et al., 2010).

Physical and chemical properties of TiO2/ZnO hybrid nanostructures are better than the
individual properties of both semiconductors. The electron mobility of ZnO (205 - 300
cm?-V-s7) is higher than the one of TiO, (0.1 - 4 cm?-V-s™). Therefore, the conductivity

of TiO2 nanostructures improves considerably when ZnO is introduced inside the TiO-
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matrix. Furthermore, both TiO, and ZnO have the ability to absorb light of a specific
wavelength, which causes the promotion of electrons from their valence bands to their

conduction bands, generating electron-hole pairs (L0 et al., 2010; Ramgir et al., 2020).

One of the most negative aspects of using ZnO for photoelectrochemical applications is
its low stability. However, the stability of the photocatalyst can increase considerably by
forming TiO2/Zn0O hybrid nanostructures because TiO> acts as a protective matrix (Liao
et al., 2018). In addition, the electronic states of TiO2 and ZnO change when they are
combined, obtaining a better separation of charges. The recombination processes of
electron-hole pairs are reduced due to the fact that an exchange of electrons and holes
occurs between the conduction (CB) and valence (VB) bands of ZnO and TiO,. The
photogenerated electrons from the CB of ZnO are transferred to the CB of TiO2, while
the photogenerated holes from the VB of TiO- are transferred to the VB of ZnO (Figure
6). The electron transport process results in a reduction in the charge recombination,
increasing the concentration of free electrons in the conduction band and the holes in the
valence band (Hernandez et al., 2015; Liao et al., 2018; Lin et al., 2013; LU et al., 2010;

Zhang et al., 2008).

3.1. Interfacial structure of TiO2/ZnO hybrid nanostructures

TiO2/Zn0O heterojunctions have attracted considerable interest in photocatalytic and solar
cell applications due to their improved structural and optical properties. This is because
the heterojunctions formed at the interface of TiO> and ZnO increase the separation of
photogenerated electron-hole pairs, thus decreasing recombination processes and
increasing photoinduced charge transfer at the semiconductor/electrolyte interface (X.
Jiang et al., 2022). The synthesis of TiO2/ZnO hybrid nanostructures can generate the

formation of Zn-O-Ti heterojunctions between the TiO2 and ZnO interface, producing an
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increase in the light absorption range, which leads to a decrease in the band gap of the
photocatalysts. The introduction of one crystalline phase in another one influences the
electronic structure of the hybrid material. The energy levels of the doping material can
enhance the formation of new energy levels close to the valence and conduction bands of
the original material, which might reduce its band gap. This phenomenon can occur in the
TiO2/Zn0O hybrid nanostructures due to the proximity of the valence and conduction
bands of both semiconductors, generating new energy levels that would reduce the band
gap of the TiO2/ZnO hybrid nanostructures, compared to pure TiO2 and ZnO
(Giannakopoulou et al., 2014; Prasannalakshmi and Shanmugam, 2017). In conclusion,
the formation of TiO2/ZnO hybrid nanostructures can improve the response to visible
light, charge transfer and charge separation, compared with pure TiO2, and reduce the
photocorrosion of ZnO, compared to pure ZnO (Arin et al., 2013; Chen et al., 2018; Q.

Jiang et al., 2022; Ma et al., 2018).

The similarity of energy between the valence and conduction bands of ZnO and TiO-
allows to transfer photogenerated electrons and holes in the TiO2/ZnO heterojunction.
The formation of TiO2/Zn0O heterojunctions produces structural defects that reduce the
band gap of the photocatalysts, thus increasing the useful life of the photogenerated
electrons and holes and reducing the chances of recombination. In addition, a red shift of
the absorption wave also occurs when forming TiO2/ZnO hybrid nanostructures, which
may be related to the formation of heterojunctions at the TiO2/ZnO interface (Bai et al.,
2021). For example, in Dye-sensitised solar cell (DSSC) systems, the photocurrent
density depends mainly on light absorption, photoelectron injection, and charge transport.
Lou et al. (2013) reported that the addition of a TiO> passivation layer on the surface of
ZnO nanocrystal photocatalysts increased the recombination resistance and the lifetime

of photoexcited electrons, compared to pure ZnO nanocrystals. The connections between
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TiO2 and ZnO increased the mobility of electrons, which improved the transport of
photoelectrons to the external electrical circuit, resulting in a lower resistance to charge
transfer and a higher photocurrent density. The photocurrent density of the cell increases
as the connections between the valence and conduction bands at the TiO2/ZnO interface
increase. The increase of the TiO2 nanoparticles in the ZnO matrix produced an increase
in the photocurrent density until reaching an optimal value from which it was not possible
to increase the number of heterojunctions in the TiO2/ZnO interface. An excess of TiO>
nanoparticles led to a decrease in the photocurrent density and energy conversion

efficiency.

In an investigation carried out by Li et al. (2020), photoanodes of ZnO microspheres
passivated with TiO> were formed. In this work, the influence of the TiO, passivation
layer and its thickness on photovoltaic performance was studied. The results showed that
the effects related to light harvesting and electron collection could be improved by
adjusting the thickness of the TiO> passivation layer. The formation of hybrid
microspheres of TiO2/ZnO allowed to increase the absorbance and the efficiency in the
capture of light and to reduce the recombination processes. The combination of TiO2 and
ZnO made it possible to improve the light capture capacity and increase the useful life of
photoexcited electrons, thus enhancing the photovoltaic performance of solar cells.
Besides, Igbal et al. (2021) reported that light absorption is related to crystal size. A shift
of the optical absorption edge towards higher wavelengths occurred when using
nanostructures with a particle size of 11.23 nm instead of nanostructures with a particle
size of 4.12 nm. In comparison with TiO2 nanostructures, the TiO2/ZnO hybrid
nanostructures presented lower intensity in photoluminescence spectra, indicating a
higher photocatalytic activity and a lower recombination rate of photogenerated electron-

hole pairs.
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In addition, TiO2/Zn0O hybrid nanostructures have also shown excellent results in the field
of photodegradation of pollutants in water. According to different publications (Bai et al.,
2021; Gupta et al., 2020; Q. Jiang et al., 2022; Xiong Zhang, Guanghui Chen, 2019), it is
possible to generate highly active groups with strong oxidizing properties (OH™ and
:O27) to degrade water pollutants. The use of TiO2/ZnO hybrid nanostructures as
photocatalysts leads to a rapid separation of charges, which increases the transfer of
electrons and holes with the reaction medium. This is because photogenerated electrons
from the conduction band of ZnO can move to the conduction band of TiOz, while
photogenerated holes from the valence band of TiO2 can move to the valence band of

ZnO, which decreases recombination processes.

On the other hand, the formation of TiO2/ZnO hybrid nanostructures may involve the
formation of Ti-O-Zn structures. The formation of this type of heterojunctions is
evidenced by X-Ray Photoelectron Spectroscopy (XPS) and X-Ray Diffraction (XRD)
(Bai et al., 2018; Igbal et al., 2021; Q. Jiang et al., 2022; X. Jiang et al., 2022). In an
investigation carried out by X. Jiang (2022) a different interfacial structure was observed
for TiO2/ZnO nanostructures, in which both semiconductors were in close contact. The
absorption edge of the TiO2/ZnO heterojunction composite was slightly red-shifted
compared to pure TiO2 and ZnO. Furthermore, TiO2/ZnO hybrid composites presented a
lower band gap than pure TiO2 and ZnO due to the intercalation of their valence and
conduction bands. It could be attributed to a greater number of defects produced by ZnO
doping within the TiO2 network, which allowed to trap efficiently photogenerated
electrons and promote charge transfer processes. The XPS results showed that the
photoelectron peaks of Ti 2p shifted towards higher binding energies, while the
photoelectron peaks of Zn 2p shifted towards lower binding energies. These results

demonstrated the formation of Ti-O-Zn bonds in the heterojunction composite and an
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accumulation of negative charge around the Zn atom, indicating the existence of strong

electronic coupling interfaces in the heterojunction composite.

3.2.  Methods to synthesise TiO2/Zn0O hybrid nanostructures

In literature, there are many processes to synthesise TiO2/ZnO hybrid nanostructures such
as the hydrothermal method, ultrasonic precipitation, sol-gel, pulsed DC
reactive magnetron sputtering, atomic layer deposition, spray pyrolysis, electrodeposition
process, or the thermal decomposition, among others. However, in most of the research,

hydrothermal, sol-gel and electrodeposition methods are used.

A description of the hydrothermal method, the sol-gel method and the electrodeposition
process will be made in the following section. In particular, the ZnO electrodeposition on
TiO2 will be deeply analysed. Furthermore, the electrodeposition conditions reported in
literature and their influence on the synthesis of TiO2/ZnO hybrid nanostructures will be

examined.

3.2.1. Hydrothermal method

In a general way, the hydrothermal method is defined as any heterogeneous or
homogeneous reaction carried out in presence of solvents or minerals dissolved in
aqueous conditions in a closed system under pressures above 1 atm and temperatures
above 100 °C (Byrappa and Yoshimura, 2013). It is common to use high temperatures
and pressures to dissolve and crystallise materials that are difficult to dissolve under
ambient conditions. In addition, the hydrothermal method usually requires long reaction
times. This method is environmentally friendly because the reaction takes place in a
closed system and the reagents can be recovered and reused. The morphology and the

phase composition obtained depend on the temperature, pressure, concentration of
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chemical species, duration of the process and pH (Polsongkram et al., 2008; Siwinska-
Stefanska et al., 2019; Xu et al., 2011). Furthermore, hydrothermal treatments have been
reported to significantly influence the degree of crystallization of TiO2/ZnO composites,
compared to non-hydrothermally treated samples. Both the increase in temperature and
the treatment time improve the crystallinity of the synthesised samples (Xu et al., 2011).
Moreover, it has also been reported that depending on the ratio of TiO2 and ZnO under
certain hydrothermal synthesis conditions, a higher or lower degree of crystallinity can

be obtained (Aal et al., 2008).

With this technique, it is possible to add ZnO on TiO2 nanostructures both in
nanostructured shape and nanoparticles. In this context, Liu et al. (2014) synthesised TiO>
nanotubes with ZnO nanoparticles for antibacterial applications. First, TiO2 nanotubes
were synthesised by anodization of Ti in an electrolyte composed of ethylene glycol with
0.3 % NH4F at 30 V for 2 h and annealed at 450 °C for 3 h. After that, ZnO was introduced
into TiO2 nanotubes immersing the samples into an aqueous solution containing different
zinc nitrate (Zn(NOz3)2) concentrations (5 - 75 mM) with hexamethylenetetramine
((CH2)eN4) at a 1:2 molar ratio and 2 mg of citric acid. The hydrothermal reaction was
carried out at 70 °C for 2 h. ZnO particles were homogeneously distributed over the entire
surface of TiO2 nanotubes. The size and amount of ZnO could be controlled by adjusting
the concentration of Zn(NOs3). and (CH2)sNa4. The size and amount of ZnO nanoparticles
increased as the Zn(NOs)2 concentration increased. If, instead of nanoparticles, it is
intended to form ZnO nanorods, it is enough to use an aqueous solution composed of 20
mM Zn(NOz3). and 0.3 - 0.4 M ammonium hydroxide (NH4OH). The reaction was
performed in an autoclave with temperatures between 80 and 160 ° C for 24 h. The

hydrothermal process resulted in epitaxial growth of ZnO nanorods oriented through the
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inner channels of TiO2 nanotubes. ZnO nanorods presented an hexagonal wurtzite

structure with high crystallinity (Benkara and Zerkout, 2010).

3.2.2. Sol-gel method

The sol-gel process makes it possible to elaborate thin films of a solid material from
solutions using a sol or a gel as an intermediate step. The synthesis often involves wet
chemistry reactions and sol-gel chemistry to transform molecular precursors into an oxide
network. The temperatures used to carry out hydrolysis and condensation reactions are
lower than the one used in traditional methods. The process can be simplified into three
stages. Firstly, the precursor solution is prepared, secondly, the sol is deposited on the
substrate and finally, a heat treatment is performed on the dried gel (xerogel film) (Znaidi,

2010).

With the sol-gel method, TiO2/ZnO hybrid nanostructures can be obtained from nitrates,
inorganic salts and organic salts. The synthesis process of TiO2/ZnO films consists of two
steps. The first one is the formation of alkoxides or alkoxy-complexes. In the second step,
these complexes are transformed into oxides through hydrolysis and polymerization
reactions. The main parameters that have an influence on the synthesis are the type of
solvent, pH, nature and concentration of precursor, duration of the process, additives and
the nature of the substrate (Georgakopoulos et al., 2015; Moradi et al., 2016; Naseri et
al., 2011; Pérez-Gonzalez et al., 2015; Znaidi, 2010). For example, TiO2/Zn0O films were
prepared via sol-gel using titanium alkoxide and zinc acetate as precursors. On the one
hand, a solution of titanium(1V) n-butoxide in ethanol (1:30) was prepared. Subsequently,
water was dropped to produce the hydrolysis of the titanium alkoxide and, finally, pH
was adjusted to 1.5 by adding nitric acid (HNO3). On the other hand, a solution of zinc

acetate dehydrated in ethylene glycol (1:0.2) was prepared and it was heated for 45 min
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for dehydration. Once the precursors were prepared, the deposition of sols on quartz plates
was carried out using the dip-coating method. The sols were mixed in Ti/ (Ti + Zn) ratios
between 25 and 75 % and calcined at 500 °C for 1 h. Results showed a uniform
distribution of the two types of nanoparticles whose phases were anatase (TiO2) and
wurtzite (ZnO) (Georgakopoulos et al., 2015). The composition and particle size varied
depending on the ratio of the precursor solution (Georgakopoulos et al., 2015; Moradi et

al., 2016).

3.2.3. Electrodeposition process

Electrodeposition process is a simple, cost-effective and easy to scale method that enables
to synthesise semiconductor nanostructures in the form of thin films deposited on
substrates. Film thickness, morphology and growth rate can be easily controlled by
modifying deposition potential, time, temperature and the precursor concentration.
Physical and chemical properties of the final products depend on the effects of the
reaction parameters and mechanisms (Yilmaz and Unal, 2016). The electrodeposition
process consists of coating a metallic substrate with a film of a conductive or
semiconductor material formed from the electrochemical reduction of metal ions present
in an electrolyte. In most cases, the deposit obtained is in crystalline phase, which is an
advantage for photoelectrochemical applications. The electrolyte is composed of positive
and negative ions from a chemical species containing metallic ions, which will serve as a
precursor to the coating material. The process is carried out in an electrochemical cell
composed of three electrodes and a potentiostat connected by an electrical circuit. On the
one hand, the cathode (metal support on which the electrodeposition will be carried out)
Is connected to the negative pole of the source. On the other hand, the anode (counter-

electrode) is connected to the positive pole of the source. Metal ions will be reduced to
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metal atoms, which will form a coating on the cathode surface. In addition, a reference
electrode with a well-known and stable electrode potential is also used. The potential of
the cathode is measured with respect to the reference electrode in the electrochemical cell.
The applied potential depends on the material to be electrodeposited (li, 2000; Zangari,

2018).

One of the most used methods to synthesise TiO2/ZnO hybrid nanostructures is based on
the electrodeposition of ZnO on TiO2 nanostructures. The main advantage of the ZnO
electrodeposition process is that it can be carried out at low temperatures, atmospheric
pressure and short times (Jiang et al., 2007; Otani et al., 2006; Sanchez-Tovar et al., 2020;
Skompska and Zarebska, 2014). ZnO electrodeposition process consists of generating
OH™ ions on the TiO surface by effect of the reduction of precursors such as NO3~, O2
and H20». ZnO electrodeposition was carried out for the first time by Izak and Omi (lzaki
and Omi, 1996) using Zn(NOs)2 as a precursor. The ZnO formation from Zn(NOs3)z is
based on the reduction of nitrates, Zn?* ions behave both as catalysts during the reduction
reaction and as reagents during the ZnO precipitation (Yilmaz and Unal, 2016). The
following equations (Egs. 1 to 3) describe the mechanism of ZnO formation from the

reduction of Zn(NOs).. Eq. 4 describes the entire process.

NO3 + H,0 + 2 ¢” — NOy + 2 OH- (1)
Zn?* + 2 OH~ — Zn(OH), )
Zn(OH); — ZnO + H,0 ©)

Zn?* + NOs™ + 2 e” — ZnO + NOz~ 4)
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The electroreduction of nitrate ions present in the electrolyte (coming from the precursor
solution of Zn(NO3)2) occurs when a negative potential is applied. The reduction reaction
is catalysed by Zn?* ions and gives rise to the formation of OH™ ions, which are absorbed
on the TiO; surface (Eg. 1). As a consequence, the pH of the solution increases in the
proximity of the TiO2. Subsequently, the OH™ ions located on the surface of the TiO> react
with Zn?* ions producing the precipitation of zinc hydroxide (Zn(OH).) (Eg. 2). Zn(OH):
is easily dissolved in aqueous solutions at pH between 9 and 11.2 at 25 °C and between
pH 7.8 and 10.5 at 75 °C. Finally, ZnQO is formed by the effect of the dehydration reaction
of the compound Zn(OH). (Eqg. 3), and it adheres to the TiO, surface to form TiO2/ZnO
hybrid nanostructures. Eq. 4 summarizes the entire process of ZnO formation from
Zn(NO3). (Sanchez-Tovar et al., 2020; Skompska and Zarebska, 2014; Yilmaz and Unal,

2016).

ZnO electrodeposition is usually performed with electrolytes composed of zinc nitrate
(Otani et al., 2006; Sun et al., 2012; Xue et al., 2011; Yilmaz and Unal, 2016; Yoshida et
al., 2004), zinc chloride (Goux et al., 2005; Kumar and Sasikumar, 2014), or zinc acetate
(Inamdar et al., 2010, 2008; Karuppuchamy and Ito, 2008). The characteristics of the
synthesised ZnO nanostructures can be modified by controlling the temperature,
potential, time and precursor concentration. In different research (Chen et al., 2013; Dai
et al., 2013; Elias and Le, 2008; Jiang et al., 2007; Lin et al., 2011; Marotti et al., 2006;
Otani et al., 2006; Pradhan and Leung, 2008; Prasad et al., 2012; Skompska and Zarebska,
2014) it has been reported that these parameters affect significantly the morphology and
orientation of nanostructures, the degree of crystallinity, the particle size, the percentage
of defects and the amount of electrodeposited ZnO. Table 2 shows some examples of the
main parameters used to electrodeposit ZnO on TiO2 nanostructures, according to the

research carried out in the last years.
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The most widely studied electrolyte to carry out the electrodeposition of ZnO is zinc
nitrate. The reaction mechanism has been extensively studied to optimize the physical
and chemical properties of the final products. Parameters such as Zn(NOs). concentration,

temperature and potential have been studied.

3.2.3.1. Influence of Zn(NOs3). concentration

The effect of precursor concentration on the morphology and photoelectrochemical
properties of nanostructures formed by ZnO electrodeposition has been widely reported.
Zn?* ions behave as catalysts for nitrate reduction reaction and as reagents during the
precipitation of ZnO (Yilmaz and Unal, 2016). The morphology of nanostructures formed
by ZnO electrodeposition can be modified by controlling the concentration of precursors.
Different structures have been obtained such as nanowires (Elias and Le, 2008; Prasad et
al., 2012), nanorods (Frade et al., 2016; Lin et al., 2011), nanopillars (Elias and Le, 2008),
nanowalls (Liang et al., 2013; Pradhan et al., 2010), nanospikes (Pradhan and Leung,
2008) and nanosheets (Ng et al., 2015; Xue et al., 2011). In the case of the deposition of
ZnO nanoparticles, both the size and the number of crystals increase with the Zn(NO3)2
concentration. The electrodeposition method allows us to deposit hexagonal wurtzite ZnO
on the surface of a substrate homogeneously. Additionally, the roughness of TiO/ZnO
hybrid nanostructures increases with the amount of electrodeposited ZnO (Sanchez-

Tovar et al., 2020).

At high concentrations of Zn?*, OH™ ions from the reduction of NOs~ (Eq. 2) react
immediately producing the precipitation of ZnO. ZnO electrodeposition is limited by the
rate constant of NOs™ reduction (5.98.1071° cm?.s™1) (Yoshida et al., 2004). On the one
hand, if the diffusion of Zn?* is significantly lower than the formation rate of OH", the

ZnO will grow longitudinally. On the other hand, if the diffusion of Zn?* is of the same
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order as the formation rate of OH~, the ZnO will grow both longitudinally and
transversely. Since the diffusion of Zn?* ions depends on the concentration gradient, the
transverse or longitudinal growth of the ZnO nanostructures can be controlled with the
concentration of Zn(NOz)2 (Skompska and Zarebska, 2014). For example, in order to
obtain well-separated and defined nanorods, it is necessary to use Zn(NOs):
concentrations lower than 5.1073 M, or increase the concentration of OH™ ions using salts
such as NaNOs and/or increase the potential to accelerate the charge transfer at the
electrode/electrolyte interface (Lin et al., 2011; Xue et al., 2011). Sun et al. (2012)
demonstrated that modifying the concentration of Zn?* and OH~ ions produces great
changes in the aspect ratio, quality and arrangement of the electrodeposited nanorods.
Figure 7 shows the relationship between the Zn(NOz)> concentration and the diameter
and coverage ratio (%) of ZnO nanorods electrodeposited at —1.1 V vs Ag/AgCl (3 M

KCI) at 80 °C for 30 min.

In order to obtain a more precise control of the growth process, more complex systems
are required. Different studies have been carried out to improve the performance of ZnO
nanostructures by modifying their morphology adding organic or inorganic compounds
to the electrolyte (Chen et al., 2013; Xu et al., 2009, 2007; Yilmaz and Unal, 2016). For
instance, the effect of Zn(NOz3). concentration has been studied when adding different
amounts of KCI (0 - 1 M). KCl is a capping reagent that hinders the growth of the (001)
planes of ZnO. This phenomenon could be caused by the absorption of CI~ ions.
Furthermore, the addition of 1 M KCI produces the electrodeposition of Zn as a
consequence of two effects: improving the electrical conductivity of the electrolyte and
increasing the electrochemical transfer of Zn?* at the cathode. First, the addition of KCI
improves the electrical conductivity of the electrolyte, which results in an increase in the

electrodeposition overpotential of the electrolyte. Second, KCI increases the
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electrochemical transfer of Zn?* at the cathode, which results in a decrease in the
overpotential required to reduce Zn?* ions to Zn. However, the addition of CI~ ions could
cause the formation of the zinc chloride hydroxide monohydrate Zns(OH)gCl2-H20, thus
reducing the crystallinity of electrodeposited ZnO. The results also determined that it is
possible to modify the morphology of ZnO nanostructures by varying both the KCI
concentration and the Zn(NOz)2 concentration. In electrolytes without KCI, the deposition
of ZnO particles took place. However, when the concentration of KCl increased to 1 M,
a morphology of ZnO nanospheres and nanosheets was formed. The influence of
Zn(NOs)2 concentration was analysed using a 0.1 M KCI concentration. The morphology
of the electrodeposited ZnO varied from nanospikes to nanosheets as the concentration

of Zn(NOz3). increased from 0.005 M to 0.5 M (Chen et al., 2013).

Yilmaz and Unal (2016) have developed a new combined process to control the
morphology of the electrodeposited ZnO. The effect of Zn(NO3). concentration on ZnO
nanostructures with a nanorod morphology was studied using an electrodeposition
process combined with a hydrothermal method. ZnO electrodeposition was performed in
a hydrothermal reactor using a 3-electrode configuration. In this research, ZnO nanorods
were electrodeposited using an electrolyte composed of Zn(NO3)2 at 130 °C at a potential
of -1.1 V vs Ag/AgCl (KCI saturated) for 30 min. For this purpose, Zn(NOs):
concentrations between 1 and 100 mM were used. The best results were obtained with a
concentration of 1 mM Zn(NOs).. At this concentration, perpendicular to the surface
nanorods with a very small diameter (100 - 200 nm) were obtained. It was concluded that
the precursor concentration controlled the aspect ratio of the ZnO rods, and the current
density increased with the aspect ratio. This synthesis method provided a simple route to

develop nanorods with a desired aspect ratio by controlling the Zn(NOz)> concentration.
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3.2.3.2. Influence of temperature

Increasing the electrolyte temperature implies an increase in the current density during
the ZnO electrodeposition process. According to this, temperature plays a very important
role in the acceleration of electrochemical reactions. An important aspect is carried out at
the beginning of the process, where the current density decreases quickly. This
phenomenon is related to the charge and discharge processes at the substrate/electrolyte
interface and to the nucleation of ZnO crystals. The formation of ZnO takes place on the
substrate where the reaction of OH- and Zn?* ions occurs, according to Egs. 2 and 3.
Absorption processes improve as temperature increases, which causes the decrease of the
current density in shorter time intervals. The curves of current density versus time
increase to a constant value, which increases with temperature. This phenomenon is
related to the amount of ZnO crystals formed during the electrodeposition process (Jiang

et al., 2007; Sanchez-Tovar et al., 2020).

One of the main steps of the ZnO electrodeposition is the transformation reaction of
Zn(OH)z into ZnO (Eg. 4). This reaction is reversible and it is strongly influenced by the
electrodeposition temperature (Skompska and Zarebska, 2014). The stability of Zn(OH).
and ZnO compounds is limited by the pH of the solution according to Figure 8 (Yamabi

and Imai, 2002).

The solid lines of Figure 8 represent the total concentration of soluble Zn?* species as a
function of pH, while the dashed lines indicate the thermodynamic equilibria between
solid phases and soluble species (Yamabi and Imai, 2002). With solutions at 25 °C, ZnO
is formed with concentrations of Zn?" higher than 10°° mol/dm3. Both the Zn?*
concentration and the pH determine the thermodynamic stability of ZnO (Skompska and

Zarebska, 2014). Increasing the temperature produces a change in the solubility curves of

33



ZnO and Zn(OH). towards lower pH values (Goux et al., 2005). For example, Zn(OH):
is the main soluble specie in the pH range of 9 to 11.2 at 25 °C, while the pH is between
7.8 and 10.5 at 75 °C (Skompska and Zarebska, 2014). The zero net surface charge of
ZnO varies according to the pH as a result of two effects: the adsorption of metal
hydroxides formed as products of hydrolysis reactions and/or the dissociation of M-OH
groups (Degen and Kosec, 2000; Skompska and Zarebska, 2014). The increase in the
electrodeposition temperature leads to an increase in the crystallinity of the ZnO film and
the preferential orientation in the (002) plane. The size of the crystallites increases as the
electrodeposition temperature increases. Furthermore, a shift towards the red absorption
edge occurs when increasing the temperature. This displacement is due to an inverse
relation with the crystallite size, an effect related to the quantum effects in very small

nanoparticles (Marotti et al., 2006; Otani et al., 2006).

In a thermochemical study, ZnO electrodeposition was carried out using a solution of 5
mM ZnCl, and 0.1 M KCI at temperatures between 25 and 90 °C. It was determined that
below 34 °C, the formation of a thin layer of zinc hydroxide occurs, which passivates the
surface and hinders the growth of ZnO. However, at temperatures above 34 °C, a
continuous growth of ZnO film was observed, obtaining optimum crystallinity and
transparency at temperatures above 40 °C. This phenomenon is due to the fact that the
formation of zinc hydroxide is kinetically favoured at low temperature (Goux et al.,
2005). Other research demonstrated that at elevated temperatures (above 65 °C), ZnO is
deposited directly on the substrate, while at low temperatures (below 60 °C), the
nucleation and growth of ZnO occurs at the interface between the ZnO precursor and the
substrate (Otani et al., 2006). Size, shape and amount of ZnO crystals vary with the
temperature. Increasing the electrodeposition temperature increases both the size and the

amount of ZnO crystals (Chen et al., 2013; Sanchez-Tovar et al., 2020). With a confocal
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Raman microscopy and X-Ray Diffraction it could be seen that the electrodeposited ZnO
was in the hexagonal wurtzite crystalline phase (Chen et al., 2013; Jiang et al., 2007;

Otani et al., 2006; Sanchez-Tovar et al., 2020).

3.2.3.3. Influence of potential

ZnO electrodeposition process is very sensitive to the potential. The ratio of OH™ ions
formation from nitrate reduction is influenced by the applied potential. The amount of
OH" ions increases as the potential increases, which results in a transverse enlargement
of the ZnO nanostructures formed. In the case of ZnO nanorods, the higher the applied
potential is, the greater the diameter of the ZnO rods will be (Skompska and Zarebska,
2014). ZnO electrodeposition takes place at potentials between —0.8 and 1.2 V, using a
reference electrode of Ag/AgCl 3M KCI. In this range of potentials, the growth of the
hexagonal ZnO wurtzite takes place mainly in the (002) plane. The optimum potential is
approximately —0.9 V vs Ag/AgCl. If the electrodeposition conditions are adjusted to
thermodynamic equilibrium, the formation of ZnO nanostructures oriented in the (002)
plane is favoured. At negative excessively potentials, the reaction occurs in a non-
equilibrium state in which the growth of ZnO takes place rapidly and without
predetermined orientation. On the one hand, for potentials greater than —0.8 V vs
Ag/AgCl, a very thin ZnO layer is formed. The reduction of nitrate ions is not carried out
efficiently as a consequence of the low current density. On the other hand, for potentials
lower than -1.3 V vs Ag/AgCl, the cathodic current is triggered, resulting in the

electrodeposition of metallic Zn (Jiang et al., 2007).

Marimuthu and Anandhan (2017) synthesised and characterised ZnO nanostructures
electrodeposited on TiO2/Zn0O films. TiO2/ZnO films were synthesised using the spin

coating technique followed by annealing to eliminate the organic part and improve the
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crystallinity of the samples. Once the TiO2/ZnO films were synthesised, a ZnO layer was
electrodeposited. For this purpose, a solution composed of 0.1 M of Zn(NO3).-6H.0 and
0.1 M KCI was used. The function of KCI was to increase the current density and,
therefore, it promoted the reduction of nitrates to form OH™ ions that caused the ZnO
precipitation. The electrodeposition process was carried out at 70 °C for 10 min with a
potential between —1.1 V and —1.3 V vs Ag/AgCl. The results showed that, by increasing
the electrodeposition potential, the amount of electrodeposited ZnO also increased.
Furthermore, metallic Zn deposition was observed for a potential of -1.3 V vs Ag/AgCI.
The Field Emission Scanning Electron Microscopy (FESEM) images showed that the
morphology of the nanostructures changed when increasing potential. The nucleation of
ZnO crystals increased as potential increased. For a potential of —=1.3 VV vs Ag/AgCl, the
formation of a nanosponge-shaped structure composed of several flowers which had a
few nanorods with different orientations took place. According to the results, it was
concluded that the photoelectrochemical activity of TiO2/ZnO hybrid nanostructures can

be increased by avoiding the deposition of metallic zinc.

4. Applications of TiO2/ZnO hybrid nanostructures

4.1. Dye-sensitised solar cell (DSSC)

DSSC is a photoelectrochemical system composed of a dye-sensitised semiconductor
oxide film (working electrode) and a platinum counter electrode placed parallel to the
working electrode. A liquid or solid electrolyte is introduced between both electrodes,
which acts as a conduction media between both electrodes. The light irradiates on the
working electrode (photoanode) and photons are absorbed by dye molecules absorbed on

the metal oxide. The photons absorbed by dye molecules cause the excitation of the
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electrons from the valence band to the conduction band. Subsequently, photoexcited
electrons are transferred to the metal oxide where they are transported to the counter
electrode through an external electrical circuit. The system is based on a circle process
where the electrolyte reduces the oxidised dye molecules, and the electrolyte is
regenerated by the electrons injected through the counter electrode. The dye molecules

act as an “antenna’ during the photon absorption process (Zhang and Cao, 2011).

DSSC technology faces great challenges due to its poor performance and stability. One
of the main components that determines the performance of the devices is the photoanode.
Photoanodes are composed of semiconductor metal oxides that act as the backbone of
DSSCs. The photoanode is responsible for transporting the photoexcited electrons
through the external circuit, which requires a large specific surface area and an effective
electron collection (Boro et al., 2018a). TiO2/ZnO hybrid nanostructures show higher
conversion efficiency than TiO2 nanostructures due to: 1) the increase in dye-loading as
a consequence of the increase of the surface area, 2) the decrease in charge recombination
due to the interleaving of the valence and conduction bands of TiO2 and ZnO and 3) the
greater separation of charges as a consequence of the biased energy band structure. These
factors favour a higher current density during photoelectrochemical tests and, therefore,
they improve the conversion efficiency of DSSCs (Boro et al., 2018a; Himmah et al.,
2021; Leeetal., 2013; Li etal., 2015; Mane et al., 2005; Marimuthu and Anandhan, 2017;

Song et al., 2014).

In a research developed by Xie et al. (2011), coaxial TiO2/ZnO nanotubes arrays were
formed by electrochemical methods to use them as photoanodes. FESEM images showed
that ZnO was homogeneously deposited in the inner of the tubes, without covering the

pores of TiO2 nanotubes. The electrodeposited ZnO increased the roughness of the inner
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surface of the tubes, which favoured the dye loading and the electrolyte transport. A
general energy conversion efficiency of 2.8% was obtained, which was 40 % higher than
the one obtained with pure TiO2 nanotubes. The improvement was caused due to the fact
that the ZnO layer increased the specific surface area and the amount of adsorbed dye,
improved the charge separation at TiO2/ZnO interface and decreased the recombination
processes. Figure 9a shows the comparison between the 1-V curves obtained in DSCCs
systems using TiO2 nanotubes and coaxial TiO2/ZnO nanotubes. In addition, incident

photon-to-electron conversion efficiency (IPCE) spectra are also shown (Figure 9b).

Lee et al. (2013) also successfully fabricated TiO2/ZnO hybrid nanostructures by
anodization of TiO2 nanotubes followed by ZnO electrodeposition. They observed that
the size of the electrodeposited ZnO nanoparticles increased as the electrodeposition time
increased. ZnO was electrodeposited both on the outer and inner surfaces of TiO>
nanotubes, which resulted in an increase in the specific surface area. The performance of
DSSCs is significantly affected by the amount of dye absorbed at the photoanode. DSSCs
formed by TiO. nanotubes with ZnO electrodeposited for 50 s showed the highest
efficiency (3.18 %) due to the fact that they showed the highest current density during the
photoelectrochemical tests (Lee et al., 2013). In another research carried out by Li et al.
(2015), porous TiO2/ZnO nanodonuts were synthesised by electrospray process varying
the ZnO concentrations. The highest performance was obtained for the sample with a ZnO
molar ratio of 4 %. It showed the highest dye absorption, the best light scattering and the
highest electron transport. With this nanostructure, an energy conversion efficiency of 9
% was obtained. Although the use of TiO2/ZnO hybrid nanostructures for solar cells is on
the up, since 2009 perovskite cells have made rapid progress, obtaining a performance

over 19 % (Boro et al., 2018b).
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4.2. Decontamination

Photocatalytic degradation of organic pollutants in wastewaters is a low cost and
environmentally friendly method. This process is based on the generation of hydroxyl-
free radicals (Eq. 5) due to the effect of the holes (h™) generated in the valence band (VB)
of a semiconductor material (photocatalyst) when irradiated with light of a certain
wavelength. These hydroxyl-free radicals ("OH) are capable of degrading the pollutants
adsorbed on the surface of the photocatalyst (S) into harmless products (Velempini et al.,
2021). In addition, the photoexcited electrons of the conduction band (CB) trapped
oxygen molecules to form super oxygen radicals (Eq. 6), which degrade the absorbed

contaminant on photocatalyst surface or react to form "OH (Egs. 7, 8, 9).

S(h*ve) + H.O — S+ H" + "OH Eq.5
ecg + 02— 02 Eq. 6

‘02" + H" — "HO» Eq. 7
2°'HO2 — H202 Eqg. 8

H.O0> — 2°0OH Eq. 9

In recent years, the use of TiO2/ZnO hybrid photocatalysts for degradation applications
of contaminants in water has gained interest due to their ability to intercalate their valence
and conduction bands, reducing the recombination processes of electron-hole pairs
(Abdel-wahed et al., 2021; Fatimah and Novitasari, 2016; Hashem and Abdal-hay, 2021;
Lee et al., 2019; Liu et al., 2017; Siwinska-Stefanska et al., 2018; Tobajas et al., 2017;
Velempini et al., 2021). Lee et al. (2019) synthesised one-dimensional TiO./ZnO
nanofibers of different diameters using an electrospinning process. The
photoelectrochemical characterization of these nanofibers was carried out from the results

obtained from photoelectrochemical degradation of methylene blue using UV irradiation.
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Methylene blue decomposition was carried out without nanofibers, with TiO2 nanofibers
and with TiO2/ZnO nanofibers. The results indicated a degradation rate of 12.6 % for the
degradation system without nanofibers, 41.9 % with TiO2 nanofibers and 96.3 % with the
TiO2/ZnO nanofibers with the optimal diameter (400 nm). Nanofibers with a small
diameter have a large specific surface area, so they present excellent photocatalytic and

bio-friendly properties.

Fatimah and Novitasari (2016) used TiO2/ZnO hybrid nanostructures to degrade phenol
using a new method that combined the method of degradation by sonication and
photocatalysis. TiO2/ZnO hybrid nanostructures were synthesised by the sol-gel method
in a mole ratio Ti:Zn = 5:1. TiO2/ZnO hybrid nanostructures showed higher surface area
and pore volume compared to TiO2 and ZnO nanostructures. The sonophotocatalysis
results obtained with hybrid nanostructures showed a 99.31 % degradation after 1 hour.
In another research, TiO2/ZnO hybrid nanostructures were fabricated using a sol-gel
method with different Ti:Zn mole ratios (9:1, 5:2 and 1:3). The photocatalytic activity of
the samples was evaluated by photochemical decomposition under UV irradiation using
the following organic dyes: Basic Blue, Basic Red and Basic Violet. The kinetic analysis
of the results showed that the dyes degradation was more intense in nanostructures
synthesised with a TiO2:ZnO ratio of 9:1. These nanostructures showed the highest
photocatalytic activity and they degraded between the 93 and 98 % of the studied dyes

(Siwinska-Stefanska et al., 2018).

The photocatalytic activity of TiO2/ZnO hybrid nanostructures has also been evaluated
through the degradation of P-Cresol. Brooms et al. (2017) synthesised TiO2/ZnO hybrid
nanostructures by the precipitation of ZnO on the surface of commercial TiO> (Degussa

P-25, Aeroxide). In addition, they formed a new photocatalyst based on TiO2/ZnO hybrid
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nanostructures modified with polyaniline (PANI) to improve the performance of the
nanostructures. The formation of TiO2/ZnO heterojunctions improved quantum
efficiency and decreased the recombination rate of electron-hole pairs, showing better
results in P-Cresol degradation than commercial TiO. nanoparticles and ZnO

nanoparticles formed by precipitation (Figure 10).

Recently, Liu et al. (2017) also revealed the promising applications for the
decontamination of persistent organic pollutants in water that TiO2/ZnO hybrid
nanostructures are offering. They synthesised a new type of TiO2/ZnO hybrid
nanostructure based on hollow microspheres. The hollow structure significantly increased
the surface area and the optical properties. The synthesis was carried out with a one-step
hydrothermal method using different reaction times (6, 12, 18 and 24 h). In addition, TiO>
and ZnO nanostructures were synthesised using the same procedure. Photocatalytic
activity was evaluated by degradation of 2,4-Dinitrophenol (2,4-DNP) under simulated
sunlight irradiation. The photocatalytic activity of the TiO2/ZnO hybrid nanostructures
that showed the best degradation rate was compared with the results obtained from TiO>
and ZnO nanostructures (Figure 11a). TiO2/Zn0O hybrid nanostructures synthesised with
a reaction time of 24 h exhibited a higher apparent reaction rate constant (0.167 min™=)
than that obtained from TiO2 (0.107 min™t) and ZnO (0.07 mint). Furthermore, the
removal TOC was much higher for TiO2/ZnO hybrid nanostructures (78 %) compared to
that obtained with TiO2 (53 %) and ZnO (45 %). Therefore, most of the organic carbon
present in the water was degraded into final products, which was very beneficial for water
decontamination applications. Moreover, the samples were also compared with
Commercial P25 (TiO2 nanoparticles). TiO/ZnO hollow microspheres were able to

degrade 10 mg/L in 20 min, while the P25 needed approximately 25 min (Figure 11b).
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In a research carried out by Wang et al. (2013), a sample of the wastewater from a
pharmaceutical factory was taken to photocatalytically decompose organic and inorganic
pollutants present in it. Photocatalytic degradations were carried out under ultraviolet
irradiation for 2 hours using TiO2/ZnO composites as photocatalysts. The degradation of
pharmaceutical wastewater pollutants was evaluated by decolouration and chemical
oxygen demands (COD) removal tests. The decolouration and COD removal rates of the
pharmaceutical wastewater were 45.8 % and 79.0 %, respectively, when the optimal

TiO2/ZnO composites were used as photocatalysts.

4.3. Photoelectrochemical water splitting

Photoelectrochemical water splitting has attracted the attention of the scientific
community in recent years. This is a method to produce hydrogen (H) that combines the
electrolysis of water and photocatalysis in a single element. When the electrical energy
necessary to carry out the process is obtained from renewable energy sources, it is
considered a totally sustainable method, due to the abundance of the necessary resources
(water and sunlight), and an environmentally friendly method with zero carbon emissions
(Acar et al., 2016). During the photoelectrochemical water splitting process, photon
energy is converted into chemical energy (H.). The oxidation and reduction reactions of
water take place when a photon is absorbed by the surface of a semiconductor material
(photoelectrocatalyst). At that moment, the electrons of the valence band (VB) of the
semiconductor move to the conduction band (CB) generating electron-hole pairs. The
photoexcited electrons carry out the reduction reaction (H. formation) and the holes carry
out the oxidation reaction (O2 formation), see Figure 12. In order to carry out this process,
the position of VB and CB is crucial and it must be similar to the oxidation and reduction

potential of water, respectively (Kochuveedu, 2016).
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One of the main limitations of this method is the recombination processes. When electron-
hole pairs are not efficiently separated, electrons and holes instantly recombine without
carrying out oxidation and reduction reactions. For this reason, charge separation is a
crucial factor in the photocatalytic activity of the semiconductors. In this context,
TiO2/Zn0O hybrid nanostructures are being widely studied because apart from presenting
a high photocatalytic activity, their valence and conduction bands are interspersed when
both semiconductors are combined, which allows the movement of electrons and holes,

reducing recombination processes (see Figure 13) (Feng et al., 2017).

Recently, promising TiO2/ZnO nanorods have been designed to be used as photoanodes
in efficient photoelectrochemical cells. The results showed that performing an appropriate
ZnO coating on the TiO2 nanostructures provides a high contact area with the electrolyte,
greater light scattering and absorption and an increase in the transfer of photogenerated
charge carriers. All these contributions rise the photocurrent response (Feng et al., 2017).
Shaheen et al. (2013) fabricated TiO2/ZnO nanotubes in order to be used as
photoelectrodes in photoelectrochemical water splitting processes. TiO2 nanotubes were
synthesised by anodization processes and, subsequently, TiO. nanotubes were coated
with a layer of ZnO by radio frequency sputtering. Morphology, crystallinity and optical
properties of the photoelectrodes depended on the thickness of the ZnO layer. The light
absorption of the photoelectrode increased as the thickness of the ZnO layer increased.
Optimal TiO2/ZnO hybrid nanostructures showed an almost 80 % increase in the
photoconversion efficiency (7.3 %) compared to pure TiO2 nanotubes (4.1 %). The
improved photocatalytic activity of TiO2/ZnO nanotubes is related to an increase in the
charge carriers collection efficiency, a greater separation of charges and an increase in

the surface area. Figure 14 shows the photoelectrochemical results obtained using pure
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TiO2 nanotubes and TiO2/ZnO nanotubes sputtered for 18, 35 and 53 min as

photoelectrodes.

Another example of electrochemical fabrication of TiO2/ZnO hybrid nanotubes to carry
out photoelectrochemical water splitting applications was performed by Mohsen and
Yousef (Mohsen and Yousef, 2015). The research consisted of synthesising TiO2/ZnO
nanotubes combining the methods of electrochemical anodization of Ti and chemical bath
deposition of ZnO. Once the nanostructures had been synthesised, they were used as
photoanodes in a photoelectrochemical cell for hydrogen production. Again, it was
observed that by increasing the ZnO amount, the visible light absorption range improved
in comparison with pure TiO2 nanotubes. Furthermore, in this research a progressive
decrease in the band-gap energy was observed as the ZnO amount in the nanostructure
increased. The results showed that the optimal weight loading of ZnO was 3 %. With
these nanostructures it was possible to significantly increase the photocurrent efficiency

compared to TiO2 nanotubes.

Al-Johani et al. (2015) compared the photocatalytic performance of TiO2/ZnO hybrid
nanostructures synthesised by a sol-gel method with commercial TiO> nanoparticles
(P25). For this purpose, they synthesised TiO2/ZnO hybrid nanostructures with different
concentrations of ZnO (1, 5, 10, 12 and 30 %) and they performed photocatalytic
hydrogen production tests under UV irradiation in a solution composed of ethanol/water
(50:50). The results showed that moderate concentrations of ZnO considerably improve
the performance of the photocatalysts, obtaining the best results for the TiO2/ZnO hybrid
nanostructures formed with 10 % ZnO. These nanostructures showed a photocatalytic
hydrogen production of 1047 umol/h, approximately 43 % higher than that obtained with

commercial TiO2 nanoparticles (595 umol/h).
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4.4, (Gas sensors

Metal oxide semiconductors are the most common materials for gas detection due to their
high sensitivity and low cost. Metal oxide sensors use redox reactions between the target
gases and the oxide surface. The process is based on the reaction between oxygen ions
distributed on the oxide surface and the molecules of the target gases. As a result, there
is an electronic variation on the oxide surface. This variation produces a change in
electrical resistance that can be detected by the change in capacitance that the material
undergoes. Therefore, the chemical reaction between the gas and the semiconductor
surface and the equivalent changes in the electrical resistance of the sensor are the two
most important factors to consider when obtaining highly sensitive sensors. Furthermore,

the process is strongly influenced by the operating temperature (Liu et al., 2012).

Tin dioxide (SnO>) is the most widely used material for gas detection. This is an n-type
semiconductor whose electrical conductivity depends on the concentration of oxygen ions
absorbed on its surface. Another semiconductor that is used as a sensor is TiOz. TiO:
offers high sensitivity in terms of dielectric permittivity to gas adsorption. Transition
metal oxides have the advantage of being able to form several oxidation states, compared
to non-transition metal oxides that have only one oxidation state (Liu et al., 2012;
Malallah Rzaij and Mohsen Abass, 2020). The formation of nanostructured materials and
the formation of hybrid compounds with other semiconductor oxides are two optimal
solutions to improve the gas detection and the photocatalytic activity of a semiconductor

oxide.

In this way, the use of TiO2/Zn0O hybrid nanostructures for gas detection has been studied.
For this purpose, nanofibers have attracted great interest because they provide a very high

surface/volume ratio and good physical properties. Hashemi et al. (2020) successfully
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formed ZnO nanowires on TiO2/ZnO nanofibers using a combined electrospinning
method and hydrothermal process. The nanowires showed a length of 950 nm and a
diameter of 70 - 120 nm. UV light absorption was improved due to its highly porous
structure and heterojunction regions. The nanostructures showed great sensitivity for 10
- 200 ppm of ethanol gas and a reduced response and recovery times, when using an
optimal temperature of 240 - 260 °C. The sensitivity of the samples increased about 3
times when using UV light. TiO2/ZnO nanofibers can also be synthesised by
electrospinning of TiO2 and ZnO deposition by atomic layer deposition. The results
showed that the resistance of the sensor increased as the oxygen rate increased and
decreased when it was removed. Both sensitivity and dynamic repeatability were found
to be appropriate for fabricating sensitive and reliable chemical sensors (Park et al., 2009).
In another research, TiO2/ZnO nanofibers were also formed following a combined
method by electrospinning of TiO. and ZnO deposition by ALD. The gas sensing was
evaluated by detecting 100 ppm NHz at 150 and 220 °C. In this research, the thickness
influence of the ZnO layer on the response time was observed. The ZnO deposition by
ALD considerably influenced the specific surface area of nanostructures and therefore,
their photocatalytic properties. It was concluded that the ZnO deposition films should be
as thin as possible in order not to reduce the specific surface area of the nanofibers and

thus not to reduce their active surface (Boyadjiev et al., 2017).

Gas sensing performance can be evaluated by the spectral response of a gas detector under
different concentrations of the studied gas. Figure 15a shows the wavelength as a function
of hydrogen sulfide (H2S) concentration using a hydrogen sulfide gas sensor based on
TiO2/ZnO composite sensing membrane-coated no-core fiber. Gas detection was
monitored in the interference spectrum at 1554 nm in the H>S concentration range

between 0 and 50 ppm. The linear fitting of the results determined that the sensitivity was
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21.26 ppm-ppm~L. In addition, the dynamic response of the sensor was also measured
(Figure 15Db), resulting in a response time of about 90 s and a recovery time of about 115

s (Feng et al., 2021).

45. Lithium-ion batteries

Nowadays, lithium-ion battery systems are receiving more and more attention because
they offer excellent properties such as high energy density, long life cycle, facility of
manufacture and reasonable production costs. Lithium-ion batteries are the main primary
power source for portable devices. Its basic operation is based on the ability to convert
chemical energy into electric energy through electrochemical oxidation/reduction
reactions using a potential difference between the anode and the cathode in the presence
of an electrolyte. For this purpose, a solution containing a lithium (Li) salt is used. Li ions
are transported between the cathode and the anode while electrons travel through the
external circuit providing a current flow. Li ions are intercalated in the cathode during the
discharge process, while ions leave the cathode to intercalate in the anode during the
charging process. In commercial cells, the anode is composed of carbonaceous materials
and the cathode is composed of materials such as lithium transition metal oxides (with a

more positive redox potential) (Madian et al., 2018).

Although lithium-ion batteries are attracting great interest, their electrochemical
performance still needs improvement. Their efficiency is hampered by some restrictions
in the electrode materials. In order to achieve high efficiency, the electrodes should have
high surface area and large pore size, low volume expansion/shrinkage during lithium
insertion/extraction and high ionic and electrical conductivity. Moreover, the materials
are required to be abundant, low cost and non-toxic. For these reasons, the research is

aimed to replace the traditional electrodes by new materials. In this context, transition
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metal oxides have attracted the interest of researchers. Transition metal oxides have
shown high electrochemical capabilities. Among all of them, TiO; has been postulated as
the most promising. TiO2 shows high cyclic stability and high efficiency. However, the
performance of TiO; is limited by its poor electronic conductivity, low ionic diffusivity
and insufficient kinetics. The low theoretical capacity of TiOz (335 mA-h-g™t) hampers
the development of high-performance anodes. In addition, its reversible capacity is only
180 mA-h-g, that is, half of its theoretical capacity (Madian et al., 2018; Nan, 2013).
The TiO2 nanostructuring and the mesoporous structure design can improve its
electrochemical behaviour. However, enhancing the performance of batteries by
modifying only the morphology of the nanostructures is a great challenge. Therefore,
hybridization of TiO2 with semiconductors such as ZnO could be a better solution (Opra

etal., 2019).

Ti02/ZnO hybrid nanostructures have significant features such as high porosity and
mechanical resistance. Kanjwal et al. (2010) prepared TiO2/ZnO hybrid nanostructures
by electrospinning a colloidal solution of titanium isopropoxide/poly(vinyl acetate) zinc
nanoparticles. Subsequently, Li* ions were intercalated within the nanostructures. They
showed a high capacity due to the increase of their surface area to volume ratio, electronic
transport and area in the electrode/electrolyte interface. Consequently, reaction kinetics
was enhanced and cell capacity, capacity retention and charge/discharge rates increased.
The optimal nanostructures exhibited a high-rate capacity (1232 mA-h-g™2). In a research
performed by Cao et al. (2022), TiO2/ZnO hybrid nanostructures that allowed the infusion
of molten Li" into the structure were fabricated. TiO2/ZnO hybrid nanostructures
consisted of TiO2 nanotube matrices formed by electrochemical anodization and ZnO
nanoparticles deposited by thermal hydroxide decomposition. The anode used consisted

of a trilayer TiO2/ZnO/Li structure that showed great stability during the electroplating
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and Li metal stripping. TiO2 nanotube array functioned as a structural support and ZnO
particles allowed for the uniform nucleation of Li metal without overpotential. Compared
with Li foil anode, the hybrid nanostructure showed improved cyclic stability, high and

stable coulombic efficiency and lower hysteresis.

In a research carried out by Zhang et al. (2019), lithium-ion battery cells were formed
using TiO2/ZnO hollow nanoflower arrays as anodes. The charge-discharge voltage
profiles at a constant current rate of 200 mA-g™ of the TiO2/ZnO hollow nanoflower
arrays showed an initial charge and discharge capacity of 1240 mA-h-g~! and 1028
mA-h-g~! (Figure 16a), respectively. In addition, the cycling performance of TiO2/ZnO
hollow nanoflower arrays was compared with the cycling performance of pure TiO>
hollow nanofiber arrays and pure ZnO nanorod arrays (Figure 16b), synthesised by the
same method used to form the TiO2/ZnO hollow nanoflowers arrays. After 200 cycles,
TiO2 hollow nanofiber arrays showed excellent cyclic capacity retention but very low
discharge capacity, while ZnO nanorod arrays showed high discharge capacity but very
low cyclic capacity retention. However, TiO2/ZnO hollow nanoflower arrays showed
both good discharge capacity and high cyclic capacity retention, obtaining a coulombic
efficiency of 98.3 % after 200 cycles. Therefore, TiO2/ZnO hollow nanoflower arrays
inherited the high capacity of pure ZnO nanorod arrays and the excellent rate performance

of TiO2 hollow nanofiber arrays.

4.6. Novel applications

Although the most interesting applications for TiO2/ZnO hybrid nanostructures are the
photocatalytic degradation of pollutants, photoelectrochemical production of hydrogen

and solar cells, new applications continue to emerge such as the UV photodetectors,
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lasers, light-emitting diodes, adsorption of chemical compounds and antibacterial

capacity, among others.

The optical properties (refractive index, absorption coefficient, dielectric constant,
photoconductivity, etc.) of a semiconductor material are closely related to its band gap.
The high sensitivity/response to UV light of TiO2/ZnO hybrid nanostructures makes them
a very suitable material for the fabrication of UV light photodetectors (AlDabagh et al.,
2016; Hsu et al., 2018; Shao et al., 2014; Zhang et al., 2015). UV photodetectors have
attracted the attention of researchers due to their potential in applications such as remote
control, water purification, chemical analysis, flame detection, etc. (Mazhir et al., 2015).
Both the energy level of intrinsic defects of the materials and the level of doping play an
essential role in influencing the optical properties and wavelength detection of TiO2/ZnO
hybrid nanostructures. Heterojunctions have been widely used as a basic building block
of photoelectric devices. This is due to its unique microstructural, interfacial and
electronic characteristics. The electric fields formed at the interfaces allow the efficient
separation of the photogenerated electron-hole pairs to regulate the transport of the charge
carriers, thus improving the photoelectric properties, such as self-powering and/or
rectification characteristics, on-off ratio, spectral response range, etc (Li et al., 2022).
AlDabagh et al. (2016) synthesised TiO> films doped with ZnO (5 % and 7%) using the
pulse laser deposition technique to use them as UV photodetectors. The TiO2/ZnO-based
devices showed higher responsivity, quantum efficiency and specific detectivity than the
devices based on TiO: films, showing a responsivity of 3.82 A/W with a ZnO doping of

7 %.

Another example of exploiting the optical and optoelectronic properties of TiO2/ZnO

hybrid nanostructures is their use in organic light-emitting diode (OLED) lighting
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devices. OLED performance can be improved by inserting light extraction layers to
improve the light release capability of the devices. The light extraction methods can be
divided into internal and external methods. The external extraction method is based on
coating the outside of the device with an optical film layer. This method does not affect
the device performance because the working layer is applied on the outside of the device.
The improvement in light extraction and electroluminescence spectrum depends on the
refractive index and the size and thickness of the optical film layer (Kubiak et al., 2021;
Park et al., 2017; Zhou et al., 2020). In an investigation carried out by Park et al. (2017),
the use of a light extraction layers composed of TiO2/ZnO nanoparticles in OLED devices
was studied, observing an increase in the luminescence of the devices. Both the
luminescence efficiency and the quantum efficiency increased with respect to those
obtained without the light extraction layer and those obtained with a TiO2 nanoparticle

extraction layer.

In addition, in recent years, the ability of TiO2/ZnO hybrid nanostructures to be used as
adsorbent materials has also been studied. For this application, one of the most important
factors is that the nanostructures used have a high specific surface area with a high pore
volume. From the study of the adsorption kinetics of a certain adsorbent, the adsorption
process can be modelled and designed and variables such as the residence time or the
maximum sorption capacity of an adsorbent (mg-g™) can be determined (Elfiky and
Salahuddin, 2021; Jain et al., 2017; Khosravi et al., 2020; Waghmode et al., 2016). In an
investigation carried out by Khosravi, TiO2/ZnO nanofibers were synthesised on sewage
sludge carbon (SSC) by electrospinning to adsorb Ni(Il), Cu(ll) and chemical oxygen
demands (COD) from aqueous solutions and industrial wastewaters of Iran. The formed
SSC/TiO2/ZnO nanofibers showed a high specific surface area (685.6 m?-g=1), compared

to the sewage sludge carbon support (18 m?.g7!). The kinetic parameters of the
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SSC/Ti02/ZnO nanofibers showed a pseudo-second-order kinetics model under the
optimal conditions. The chemical adsorption was the rate controlling step and the
adsorption sites were proportional to the square of the number of unoccupied sites of
adsorbent. Influence of pH, adsorbent dosage and contact time were studied to optimise
the adsorption process. The maximum monolayer sorption capacities of Ni(ll), Cu(ll) and
COD were 282.3 m?-.g%, 298.1 m?.g~* and 2220.3 m?-g™%, respectively, for the optimal
adsorption parameters. Finally, the results were compared with other adsorbent
nanofibers present in the literature (Table 3), showing greater sorption capacity than most

of them (Khosravi et al., 2020).

Another characteristic of TiO2/ZnO hybrid nanostructures is their good antimicrobial and
antibacterial activity. The use of Ti in biological applications is widely standardised due
to its high chemical stability, while the antimicrobial and antifungal activity of ZnO has
also been reported in several investigations (Anaya-Esparza et al., 2019; Aydin et al.,
2021; Chabalala et al., 2021; Zhang et al., 2018). In addition, it has been reported that the
morphology of nanostructured materials offers active sites for protein adsorption, which
increases cell-implant interaction (Tan et al., 2012). These properties are some of the
characteristics that have led the scientific community to study the use of TiO2/ZnO hybrid
nanostructures in biological applications. Aydin et al. (2021) studied the
antibacterial/antifungal activity of TiO2 nanotubes formed by electrochemical
anodization doped, on the one hand, with Ag nanoparticles and, on the other hand, with
ZnO nanorods. In addition, the corrosion behaviour of the nanostructures in simulated
body fluid (SBF) solution was also examined. The corrosion results showed that the
incorporation of the ZnO nanorods increased the protection against corrosion by
interrupting contact of the metal/solution. On the one hand, TiO2 nanotubes doped with

silver (Ag) nanoparticles exhibited high antibacterial activity. The addition of Ag
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nanoparticles increased the antibacterial activity as a consequence of the blockage of the
enzymatic system of the respiratory chain. This could be related to the formation of
superoxide anion radicals, which react with H* ions to produce H.O2 molecules, which
would penetrate the cell membrane, changing the DNA synthesis. On the other hand,
TiO2/ZnO hybrid nanotubes showed a high antifungal activity. The addition of ZnO
nanotubes improved the fungal growth inhibition capacity as a consequence of a higher

separation of charge carriers, which resulted in a decline in the recombination rate.

5. Conclusion

In this work, the main synthesis methods and applications for TiO2/ZnO hybrid
nanostructures have been presented. It focuses on the formation of TiO2/ZnO hybrid
nanostructures from electrochemical methods to use them as semiconductor materials in
different applications. The detailed procedures are based on the addition of ZnO on TiO-

nanostructures. The key points of this review are summarized below.

Photoelectrocatalysis is a discipline that uses electricity and light radiation as an energy
source. The most widely used photoelectrocatalyst is TiO due to its good photochemical
properties. However, TiO has several limitations such as a poor charge transport and a
rapid recombination of photoexcited charge carriers. In order to overcome these
limitations, TiO2/ZnO hybrid nanostructures can be obtained. The main advantage of
TiO2/Zn0 hybrid nanostructures over other TiO2 hybrid materials is that the photoexcited
electrons from the conduction band of ZnO can be transferred to the conduction band of
TiO2 and the holes from the valence band of TiO> can be transferred to the valence band
of ZnO, which reduces the recombination rate of load carriers. In addition, ZnO has

greater oxidization capacity of photogenerated holes, better electrical transport properties
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and greater electron mobility. Therefore, the photocatalytic activity of TiO2 improves

when it is combined with ZnO.

There are a lot of electrochemical methods to synthesise TiO2/ZnO hybrid nanostructures.
From all of them, this review has highlighted the electrochemical anodization of Ti and
the electrodeposition of ZnO. These methods have been widely studied over the years.
They allow you to easily control the physical and chemical properties of the synthesised
nanostructures. The formation conditions of nanostructures are key parameters to increase
the nanostructures growth rate and/or aspect ratio, and the crystallinity and defect
structure of nanostructures can be controlled by thermal annealing. On the one hand, the
effect of the anodization conditions on TiO2 nanostructures has been widely studied. The
main parameter that determines the morphology of the nanostructures is the composition
of the electrolyte. In addition, anodization temperature, potential, time and hydrodynamic
conditions also influence the growth of TiO2. On the other hand, the growth of ZnO
crystals on TiO2 nanostructures caused by the electrodeposition process can be easily
controlled by modifying the deposition potential, time, temperature and precursor

concentration.

Finally, a review of the main applications for TiO2/ZnO hybrid nanostructures has been
carried out. It has been concluded that the main parameters that influence the
photoelectrochemical activity of nanostructures are the morphology, the aspect ratio, the

charge carrier’s collection efficiency and the separation of charges.
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Figure captions

Figure 1. FESEM images of TiO a) nanowires (Zhang et al., 2002), b) nanobelts (Zhu et
al., 2021), c¢) nanorods (Lv et al., 2018) and d) nanotubes (Sivaprakash and Narayanan,

2020).

Figure 2. Stages of the electrochemical anodization process of Ti using electrolytes with

fluorides (Sanchez-Tovar et al., 2020).

Figure 3. Regions of existence of TiO2 nanotubes, nanosponges and compact layers, as a
function of [NH4F], revolutions per minute (RPM) of the working electrode and the

potential (Sanchez-Tovar et al., 2013).

Figure 4. FESEM images and GAXRD patterns of TiO2 of TiO2 nanotubes synthesised

by electrochemical anodization a room temperature (Allam and Grimes, 2009).

Figure 5. Photoluminescence of TiO. nanostructures as a function of annealing

temperature (Yu and Wang, 2010).

Figure 6. Schematic diagram of the energy level for heterojunction of TiO2/ZnO hybrid

nanostructures.

Figure 7. Coverage ratio and diameter as a function of Zn(NO3z). concentration (Sun et

al., 2012).

Figure 8. Comparison of phase stability diagrams of a) ZnO(s) and b) Zn(OH)2(s) in

aqueous solutions at 25 °C (Yamabi and Imai, 2002).

Figure 9. a) Photocurrent density-voltage curves and b) IPCE spectra for TiO2 nanotubes

and coaxial TiO2/ZnO nanotubes (Xie et al., 2011).
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Figure 10. Photodegradation curves of P-Cresol (100 ppm) under UV illumination using:
a control experiment without photocatalyst (e), ZnO (o), TiO2 (A), TiO2/ZnO (A) and

TiO2/ZnO/PANI (+) (Brooms et al., 2017).

Figure 11. a) Photodegradation curves of 2,4-DNP using a) TiO2, ZnO and TiO2/ZnO
hollow microspheres and b) TiO2/ZnO hollow microspheres and Commercial P25 (TiO>

nanoparticles) (Liu et al., 2017).

Figure 12. Scheme of the photoelectrochemical water splitting.

Figure 13. Schematic diagram of a) structure and b) energy level for heterojunction of

TiO2/Zn0O (Feng et al., 2017).

Figure 14. a) Photocurrent density vs potential under UV (100 mW/cm?) illumination, b)
photoconversion efficiency and ¢) IPCE under a constant bias of 0.6 V for pure TiO>

nanotubes and TiO2/Zn0O nanotubes sputtered for 53 min (Shaheen et al., 2013).

Figure 15. a) Wavelength and spectral response as a function of the concentration of

hydrogen sulfide and b) dynamic response for the TiO2/ZnO sensors (Feng et al., 2021).

Figure 16. a) Charge-discharge voltage profiles of TiO2/ZnO hollow nanoflower arrays
at a constant current rate of 200 mA-g™ and b) cycling performances of TiO2/ZnO hollow
nanoflower arrays, TiO2 hollow nanofiber arrays and ZnO nanorod arrays (Zhang et al.,

2019).
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Table captions

Table 1. Examples of procedures to form TiO2 nanotubes by electrochemical anodization

of Ti.

Table 2. Examples of procedures to electrodeposit ZnO on TiO nanostructures.

Table 3. Comparison of adsorption capacity of TiO2/ZnO nanofibers with other
nanofibers adsorbents for Cu(ll) and Ni(ll) sorption for Cu(ll) and Ni(ll) sorption

(Khosravi et al., 2020).
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