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Abstract

:

Recently, titania nanotubes (TNTs) have been extensively studied because both their functional properties and highly controllable morphology make them important building blocks for understanding nanoscale phenomena and realizing nanoscale devices. Compared with sol–gel and template-assisted methods, electrochemical anodization is a simple, cost-effective, and low-temperature technique offering additional advantages such as straightforward processing and ease of scale-up. This review focuses on the process modalities and underlying mechanism of electrochemical anodization to achieve a different set of TNTs for a variety of applications. Finally, important applications of TNTs are highlighted including biomedical devices, water purification, and solar cells.
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1. Introduction


Nanomaterials have attracted many scientists and engineers from a variety of fields to a common ground during the last three decades [1]. Research based on the fabrication, characterization, and applications of nanomaterials (material length scales of less than 100 nm) has revolutionized the field of science and technology due to the versatile electric, mechanical, and optical properties of nanomaterials. This field was coined the name “nanotechnology” by Norio Taniguchi in 1974 [2,3].



Nanotubular materials exhibit unique hierarchical architecture, excellent electrical and mechanical properties, and high specific surface area [4]. First, it provides a significant increase in the surface area to volume ratio and change in the size of a nanoparticle taking it into a sphere where the quantum effect predominates [5]. This increase in the surface area to volume ratio leads to the increased dominance of the behavior of an atom on the surface of particles [6]. The high surface area plays a crucial role in the performance of catalysis and energy storage applications, i.e., batteries, supercapacitors, and piezoelectric, triboelectric, photovoltaic, and catalytic materials [7,8]. Nanoscale materials are used to develop new technologies to make full use of abundant “green” energy sources. This all becomes possible because of the large surface area of the nanomaterials [9]. A certain decrease in the size of particles leads them to exhibit quantum mechanical behavior. It is a well-known fact that nanoparticles have dimensions below the critical wavelength of light, which makes them transparent. This property is crucial for applications in cosmetics, coating, and packaging [10].



Nanostructured transition metal oxides, particularly one-dimensional nanorods, nanowires, and nanotubes, have been widely researched due to their widespread applications [11]. A wide variety of nanostructures can be synthesized with high control of dimension and morphology by the use of various techniques. Electrochemical synthesis is the most promising method to obtain a nanostructure with great accuracy [12].



Titanium has gained much attention over the past few years because of its high corrosion resistance, low density, and strong durability. A passive oxide film is formed, which makes it particularly resistant to corrosion in oxidizing solutions. This passive layer is the compound of titanium and oxygen having the formula TiO2. Different types of TiO2 nanostructures can be formed, and each type has its own pros and cons. Shen et al. [8] studied various TiO2 nanostructures for photoelectrochemistry (PEC) applications, including 1-D (nanowires, nanotubes, and nanorods), 2-D (nanobelt, nanosheet, and nanoribbon), 3-D (meso/nanoporous and branched nanostructures), and the crystal-facet-tailored TiO2 nanostructures. As compared to other morphologies, TiO2 nanotubes (TNTs) had large surface areas and extended length in one direction due to which they showed better performance for PEC CO2 reduction. This characteristic also makes them suitable for holding different moieties on their surface for other applications as well [13].



TNTs are important functional materials owing to their unique electronic properties, chemical stability, photo-corrosion resistance, and biocompatibility [5,13,14]. Compared with other metallic oxides, TiO2 provides biocompatibility in terms of low ion release and excellent corrosion resistance [13,14,15]. The biocompatibility of titanium is a result of the presence of a surface native oxide layer (passive film) of 2–5 nm thickness, which is naturally formed as titanium is exposed to air [15].



For nearly three decades now, titania nanotubes (TNTs) have attracted widespread scientific and technological interest. Along with a high aspect ratio and surface area, high-quality TNTs exhibit remarkable mechanical properties, environmental photocatalysis, and photo-splitting of water, which makes them attractive materials for a wide range of applications [16,17,18]. For example, they are used in gas-sensing devices, sensitized solar cells, photoelectrochemical cells, biomedical devices, the coatings industry, and sunscreens [19,20,21]. TNTs can significantly reduce the elastic modulus of Ti. Thus, minimizing the chances of stress shielding, which can arise due to the difference in the elastic moduli of bone and the implant. Moreover, TNTs can enhance the mineralization tendency and improve the interaction with the osteoblast cell by virtue of their surface topography, i.e., wettability and surface roughness [22]. In addition, TNTs can also be utilized for designing drug delivery systems [16,21,23,24]. Mansoorianfar et al. [25] fabricated tunable TNTs at different voltages for loading vancomycin to induce an antibacterial effect on a Ti64-based implant as shown in Figure 1. TNTs also have wide applications in the energy sector. The rapid depletion of fossil fuels and CO2 emissions has diverted the research focus to clean and renewable energy sources. Solar energy is the biggest and cheapest source of energy to date. The photovoltaic effect converts the photons into electricity, and around 20 GW of energy was produced in 2020 in the USA, benefitting 17 million households [26].



Self-organized TNTs can be produced by anodization, sol–gel, hydrothermal, and vapor deposition methods. Electrochemical anodization is a simple and low-cost method, which can synthesize TNTs with ordered nanostructures for a variety of applications [17,18]. However, one of the challenges to synthesize TNTs via electrochemical anodization is the chemical stability of Ti (only a few chemical compounds such as HF and H2O2 can chemically dissolve Ti). Different process parameters affect the configuration, shape, and dimensions of TNTs [27,28]. TNTs’ growth is directly related to anodization time, voltage, and fluoride ion concentration in the electrolyte [29]. TNTs of desired diameters or dimensions can be obtained by varying the applied potential or concentration of electrolytes. The length of nanotubes can be increased or decreased by varying the pH of the electrolyte and/or anodizing time [30,31]. The optimization of the anodizing conditions is very crucial to obtain TNTs with specific properties. The pre-surface condition, voltage ramp, nature of the electrolyte, and fluoride ion concentration are major concerns [27,32]. Moreover, in addition to controlling the dimensions and surface characteristics of TNTs for suggested applications, the mechanical stability of TNTs is also important for performance and long-term functions [23,31]. Furthermore, the crystallinity of the synthesized TNTs determines their performance in photovoltaic and biomedical applications [33]. It is important to choose the appropriate heat treatment parameters for the synthesized TNTs in relation to the final applications [32].



Here, we present an update on the fabrication of TNTs via the electrochemical anodization technique, focusing on studies that have appeared in approximately the last 15 years. We first discuss the physical and mechanical properties of Ti followed by the effect of alloying addition on the properties of Ti and the synthesized TNTs. The synthesis of TNTs section considers the preparation of TNTs via template-assisted, hydrothermal, and electrochemical anodization methods. Electrochemical anodization is discussed in detail by considering the various factors controlling the dimensions and properties of the synthesized TNTs. Finally, emerging applications of TNT-based materials prepared by electrochemical anodization are highlighted in the applications of TNTs section.




2. Fabrication of TiO2 Nanotubes


Titania nanotubes can be fabricated from different routes, such as the sol–gel process [34,35], vapor–liquid–solid (VLS) growth [36], template-assisted growth [37,38], and hydrothermal [39,40] and electrochemical anodizing methods [41,42,43]. Each of the processes has its own merits and demerits, but electrochemical anodizing is easy to run and has the liberty to control process parameters to attain a desired set of properties [44,45,46,47,48,49]. The focus of this review is electrochemical anodizing; hence, anodizing is covered in detail, while an overview of other processes is provided. In the sol–gel process, a precursor is mixed in a solvent to make a suspended colloidal solution, which form a gel after continuous stirring [50]. Once the desired suspension is achieved, prefabricated templates made from anodized alumina or polymer membranes are immersed in the solution. The suspended particles fill the pores and/or channels of the templates to acquire their shapes. The necessary operations of drying, calcination, and templates/gel removal leave the metal oxide nanowires or nanotubes [34,50]. The particle size and dimensions of the nanostructures depend on the template on which the particle deposited, composition of the colloidal solution, temperature, and time of the deposition. The nanostructures produced from the sol–gel methods are often in a bundled form, which limits the usefulness of the nanostructures [35,51]. The process required to separate the nanostructure from the template material also affects the morphology of the product material [49,50,51,52].



In the template-assisted method, nanostructure fabrication can be supported by electrochemical deposition (Figure 2) [53]. The metal oxide or metal is directly deposited to a template and then treated afterwards to produce nanotubes. Both the template and electrolyte affect the oxide structure and morphologies of the produced material [54]. The process has the same drawbacks of non-uniformity and defective morphologies as those of the sol–gel process [34,55,56].



The VLS is a catalyst-assisted deposition where gaseous reactants dissolve into a liquid metal catalyst (Figure 3) [53]. The liquid metal essentially provides favorable sites for absorption as compared to the slow vapor–solid phase. The nucleation starts within the liquid metal as reactants condense on the liquid metal. Once the nucleation starts within the liquid metal, the growth of a single crystal material proceeds [36]. The VLS is a popular growth method for producing uniform nanowires. In the case of TNT fabrication, the vapor phase is generated by thermal evaporation of Ti metal, which is later allowed to condensate on the liquid gold catalyst. The diameter of the nanotubes is dictated by the size of the catalyst droplet, and their growth is controlled by the temperature and pressure of the system. Although the VLS process is a highly controlled process, it is complex and requires a vacuum environment for fast growth. The temperature is another barrier, as very high temperatures are needed for metal oxides [36,53].



In the hydrothermal process, a nanostructure is grown from aqueous soluble metal salts (Figure 4) [40]. A desired concentration of the metal salt is dissolved in the water and heated from 100 to 300 °C under pressure [39]. The titania powder dissolved in alkaline solution can be used as a precursor material for producing TNTs [57]. The morphology of the titania is controlled by the precursor material, the concentration of the precursor material, temperature, and process time. It is hard to produce nanomaterials with consistent structures and morphologies in the hydrothermal process. The process also requires high temperatures and processing time for nanofabrication [39,40,57,58].



In electrochemical anodizing, the process involves immersion of the metal in an appropriate electrolyte, which is then anodized at constant voltage for a set duration (Figure 5) [59]. The electrochemical anodizing process provides a high degree of control of the physico-chemical properties of nanotubes by tuning process parameters such as pH, electrolyte chemistry, applied voltage, etc. [44,49,60]. Tuning nanotube properties by adjusting these parameters will be discussed in detail in a later section. The electrochemical anodizing process is easy and inexpensive as compared to other nanotube fabrication processes, where we need vacuum and high processing temperatures. Several research reports have also indicated that the nanotube architecture achieved from electrochemical anodizing possesses unique mechanical, photovoltaic, biomedical, and semi-conducting properties that are not possible to obtain by other methods [44,49,60,61].



The electrochemical anodizing setup for titania fabrication consists of two electrodes, an electrolyte, and an external DC source to provide a controlled voltage. The Ti foil or thin Ti sheet where nanotubes grow is connected to the positive terminal, while graphite or platinum is connected to the negative terminal [29,59]. Due to this arrangement, the predominant oxidation of Ti occurs at the anode and hydrogen evolution/oxygen reduction occurs at the Pt electrode. The electrolyte solution consists of variant solvents from deionized water to ethylene glycol or a mixture of both, and the anions include bromide, chloride, fluoride, and sulfates with different molar concentrations of salts [44,45,62]. The process can be carried out at a constant potential (potentiostatic) mode, constant current (galvanostatic) mode, or with a gradual increase in the potential (potentiodynamic) or current (galvanodynamic). As constant potential provides more uniform and self-organized nanotubes, a majority of the anodizing work is reported at a constant potential mode ranging from 6 V to 60 V [55,63,64,65]. Table 1 summarizes some advantages and disadvantages of the fabrication processes for TNTs mentioned above.



2.1. Mechanisms in TNT Formation during Anodizing


The anodizing process takes place in the following steps: (1) oxidation takes place at the metal–oxide interface; (2) hydrogen evolution or oxygen reduction takes place at the cathode; and (3) the voltage drive causes outward migration of metal ions through the oxide–electrolyte interface and inward migration of O2− from electrolyte–oxide interface to the metal–oxide surface [66]. It is largely reported that anodizing takes place due to the initiation of micro/nanopores and their growth related to confined variations of electrochemical environments [29,67,68].



The pore initiation is generally attributed to pitting, which is a localized attack on heterogonous sites. Only few studies provide insight into pore initiation, where they consider the phenomenon occurring at the liquid–solid interface [36,55]. In the case of any liquid–solid interfacial growth, the phase boundary goes under constant microscopic fluctuations. In the case of any electrochemical reaction, these fluctuations can be positive or negative voltage perturbations. A positive perturbation causes bumps, while a negative perturbation causes dents on the interface. The development of these perturbations is attributed either to the composition gradient at the metal–oxide or/and oxide–electrolyte interface or a variation of electrochemical species produced at these interfaces. In the case of anodizing, a dent is produced on the oxide due to negative perturbation to initiate a pore [55].



In the literature, two major hypotheses exist for the growth of nanotubes, namely, fast dissolution inside of the micropore as compared to the edges of the pores and strain energy of compressive forces developed due to electrostatic, electrostriction, and metal-to-oxide volume expansion [43,69,70]. In the fast dissolution theory, the pore-initiating site is very small as compared to the surrounding oxide; hence, the release of cations is very fast inside of the pore, which causes the electrolyte inside the pore to be highly acidified and drops the pH. This causes higher dissolution inside the pore as compared to outside of the pore. The strain energy theory for TNT growth is based on the higher energy zone created due to the excess of positive and negative changes at the interface alongside the volume expansion during the formation of an oxide from metal [69]. This strain energy in return produces highly self-organized nanotubes on the Ti surface [68,70].




2.2. Parameters Effecting Properties of Nanotubes


The diameter to length ratio of the nanotubes, horizontal and vertical ordering of the nanotubes, and the wall thickness of the nanotubes contribute to the morphology and structural properties. It is of significant interest to acquire a set of properties of TNTs by altering anodizing process parameters [44,46,48]. The major parameters that control the properties in the anodizing process include the voltage drive between the anode and cathode, the electrolyte used during the process, the temperature of the electrolyte bath, and time given for the anodizing [45,48,63,65]. The surface preparation of the substrate, composition at the surface, and supporting salts in the electrolyte also contribute towards controlling properties of the nanotubes [45,58,62,67].



The applied voltage in anodizing, generally called the potential window, is one of the key factors in controlling the diameters of the nanotubes [71]. At low voltage, the oxide dissolution is low; hence, nanotubes grown at very low voltages have small diameters. Although the reported work suggests that the voltage, electrolyte, and temperature contribute to determining the diameter and thickness of the nanotubes, some of the research reported a linear relationship between the diameter and thickness of the TNTs and the potential windows [48,65,72]. The potential windows are reported to be 10–25 V in the literature for aqua-base electrolytes, while in organic electrolytes, the window can be extended to several hundred volts. However, most of the researchers used a potential window of 20–70 V. To tune the diameter, wall thickness, and variation in the diameter of nanotubes from the bottom to the top, researchers carried out anodizing in the potentiostatic, potentiostatic with negative voltage pulse, and potentiodynamic modes. Relatively consistent diameters of nanotubes were reported in the potentiostatic mode, and the thickness control of the double-walled nanotubes with negative voltage pulse yielded better photovoltaic properties, while a gradual increase in the voltage (potentiodynamic) yielded a gradual rise in the nanotubes’ diameter from the bottom to the top of the nanotubes [73]. The TNT growth at lower field strength (V/cm) is controlled by ohmic processes, while at high voltage, strength is driven by the migration processes taking place in anodizing [65,71].



Time for anodizing is another important parameter to control the thickness of TNTs [74]. The reported experimental time for anodizing is from a few minutes to several hours. A short anodizing time produces a spongy structure with no clear identification of nanotubes, while greater time produces a more defined, thicker nanotube structure. The growth rate is fast at the start and slows down with time. A study reported that nanotube growth in a fluoride-containing electrolyte at 40 V was 1 µm after 30 min and increased by 3 µm after 15 h of anodizing [45,74]. The fast growth at the start is attributed to dissolution due to an excess of anions and migration of cations from inside of the nanotubes. Once a steady state is achieved between dissolution and oxidation, the growth of nanotubes slows down. The metal to oxide layer, which is also called the compact layer, is largely dependent on the voltage drive, while the growth at oxide–electrolyte increases with time. The longer the time of anodizing, the greater the thickness of the nanotubes [45,74,75]. It is also worth mentioning here that more organized nanotubes can be achieved if sonication is carried out of the compact layer or if initial porous or disoriented nanotubes are removed by adhesive tape.



The tuning of electrolytes used in the anodizing process greatly contributes to engineering the structure and properties of nanotubes [75,76]. Within the electrolyte bath, the type of electrolyte, its pH, constituents of the electrolyte, the viscosity of electrolyte, and dissolved oxygen all affect the architecture of the nanotubes. There are four distinct generations that exist for nanotube formation in hydrofluoric acid (HF)-based aqueous solution, buffered electrolytes, organic electrolytes, and fluoride-free electrolytes [76]. The HF-based aqueous solution is highly acidic, where the pH of the solution is very low; this results in chemical dissolution of titania by fluoride ions as an anodizing rate-controlling step. The oxide dissolution by fluoride ions achieves dynamic equilibrium very fast. Although the nanotubes formed in HF-based electrolytes were organized, their length was restricted to less than 1 µm thickness. In buffered electrolytes, a weak acid such as KF or NaF can be added to the electrolyte to decrease the acidity of the electrolyte. By adjusting the pH to around 4.5, a thickness of around 4.4 µm can be achieved for the nanotubes. The addition of a weak acid slow down the oxide dissolution; hence, it takes a longer time to achieve dynamic equilibrium. Further increases in the pH to the neutral level increase the nanotube length but incorporate unwanted complexes entangled within the nanotube structures. The dissolution of titania can also be slowed down by using a more viscous electrolyte such as glycerol, ethylene glycol, diethylene glycol, etc. [40,76]. A more efficient dissolution control of the titania allows the formation of more organized, longer nanotubes. Nanotubes of a length of 134 µm were reported in ethylene glycol electrolyte containing 0.25% NH4F at 60 V for a period of 17 h. The growth can be enhanced by adding a small amount of water (5% by volume). A length of 250 µm was achieved by adding 0.18 wt.% water, while much longer nanotubes of 1000 µm were achieved in ethylene glycol containing 0.6% NH4F and 3.5% water at 60 V after 216 h. The high viscosity and strong oxygen bond in organic electrolytes slow down the dissolution and formation of TNTs. A small amount of water assists both processes and helps in producing longer nanotubes. Non-fluoride electrolytes such as hydrochloric acid, phosphoric acid, etc. are also used to achieve self-organized nanotubes at much lower voltages as compared to those used in fluoride environments [59,70,77,78].



The above-mentioned electrolyte systems produce anodized nanotubes of a short compact layer and a relatively thicker outer layer. The nanotube structures produced in deionized water and sulfide-containing electrolytes are more compact [76]. The structures grown at low voltages in water are not reported to be nanotubular but rather nanorods or nanofibers. At higher voltages, a porous nanostructure appears with ridges and serrations on the nanotube edges. The nanotubes grown in sulfuric acid and sodium sulfide are reported to be more compact with a disoriented structure [75].



The temperature of the bath is another factor for controlling the properties of nanotubes [61]. The reaction rate generally increases with increased temperature; hence, the wall thickness of the nanotubes and their length increase with temperature. The temperature of the electrolyte in both aqueous and organic electrolytes contributes due to the increase in oxidation and decrease in viscosity [58]. The reported work suggests that in aqueous solutions, there is an inward thickness increase in the case of an aqueous electrolyte system due to higher oxidation at higher temperatures. An outward thickness increase of the nanotubes is reported in non-aqueous fluoride-containing electrolytes, probably due to decreases in the viscosity, which increase the mobility of fluoride ions. More organized layers are reported at 5 °C for aqueous solutions, and more organized and longer nanotubes are reported for non-aqueous solutions around 505 °C [58,61].




2.3. Properties Modification of Nanotubes


The TNT structure produced after the anodizing process is amorphous, which is not a very desirable structure for photovoltaic and electrical applications [79]. The amorphous structure can be easily tailored to the crystalline structure by annealing within a temperature range of 250–300 °C. The annealing process further allows the control of nanotubes’ dimensions by providing a surrounding gaseous environment [63,80]. Anodizing takes place in an aqueous solution, which causes the interior of the nanotubes to be rich in hydroxide as compared to the exterior of the nanotubes, and this defect can also be eliminated by the annealing process. The crystallization of TNTs depends on the annealing temperature; above 300 °C, the anatase–rutile structure is formed, and further increases in the temperature cause the complete transition to anatase [81]. If the temperature is raised beyond 500 °C, the anatase structure starts converting to the rutile phase. The nanotube structure obtained at 350 °C is the highest-conducting structure in annealing and is preferred for photovoltaic properties. It has been further reported that annealing to 650 °C in argon gas transfers the bottoms of the nanotubes to rutile while keeping the top-end of the nanotubes at the anatase phase, which enhances the photovoltaic property even more as compared to that achieved at 350 °C [58,61]. The high photovoltaic property in the mix phase is attributed to the lower band gap of the rutile phase (3.0 eV) as compared to the anatase phase (3.2 eV), which allows the absorption of a wider range of wavelength, i.e., <378 nm to <413 nm. The transformation of an amorphous anodized nanotube structure to anatase and rutile as a function of temperature was also studied in situ by Zeng et al. [75]. They confirmed the initial transformation of anatase from 350–400 °C and further conversion to the rutile phase at 650 °C. They also reported the elimination of structural defects after anodizing by annealing. The reducing environment of ammonia and hydrogen gas has also been studied by researchers to tune the wall thickness of TNTs, modifying the properties of the double-walled nanotubes [61,79,80].



It can be summarized from above that anodizing is a simple and versatile process for the fabrication of TNTs; alteration of process parameters allows the fabrication of specific structures and morphologies. The physico-chemical properties of a nanostructure are directly related to its structure and morphologies; hence, this can be controlled by adjusting process parameters.





3. TNT Application in Solar Cells


TNTs have been widely investigated over the last several decades for their possible applicability in solar cells, as they can be used in conjunction with other technologies that are now in use [82,83,84]. Continual progress has been made in the fabrication and modification of the TiO2 structure, resulting in the development of novel properties and applications in the photovoltaic area, particularly in the field of solar energy conversion. Although newly created devices based on this novel idea have substantially expanded the variety of applications of TiO2, this expansion has also resulted in new demands being placed on the physical qualities of the material. The application of TNTs to photovoltaics has made significant strides in recent years, with dye-sensitized solar cells [85,86,87], polymer–inorganic hybrid solar cells [88,89,90], and perovskites [91,92,93] among the most notable.



TiO2 nanomaterials are suitable materials for solar cell applications owing to their high optical and chemical stability, non-toxicity, corrosion resistance, and low cost [83,94]. TiO2 naturally exists in four commonly known polymorphs, i.e., rutile (tetragonal), anatase (tetragonal), brookite (orthorhombic), and TiO2 (B) monoclinic [95,96,97]. When it comes to solar cell applications, it is recommended to use the anatase structure over other polymorphs because it has the potential to have a higher conduction band edge energy and a lower recombination rate of electron–hole pairs than other polymorphs [98]. Although TiO2 nanocrystals have an intrinsic electronic structure, their physical and chemical properties are influenced by their size, shape, structure, and surface characteristics. Recent advances in nanostructured TiO2 materials, such as nanorods, nanotubes, nanosheets, nanofibers, and linked structures, have piqued the interest of researchers, who have developed and implemented a variety of nanostructured TiO2 materials in photovoltaic systems [99,100,101,102,103,104].



The most common application of nanostructured titania has been in dye-sensitized solar cells (DSSCs), which are considered to be among the most promising of the various third-generation photovoltaic technologies now under development [105]. When compared to conventional silicon-based solar cells, DSSCs have a higher solar energy conversion efficiency (>10 percent) because they have a simpler structure, a more scalable production technology, and lower manufacturing costs [106,107]. DSSCs generally consist of an n-type semiconductor with a large band gap that works as an electron conductor coated with dye, a liquid electrolyte for hole conduction, and at least two transparent conducting electrodes, such as conductive fluorine tin oxide-coated glass, to form a closed circuit as shown in Figure 6. In DSSCs, the photovoltaic process starts at the semiconductor/dye interface. The light excites the electrons in the dye, which are quickly transported to the semiconductor’s conduction band. Because of its superb physical and chemical properties, titanium dioxide (TiO2) is by far the most extensively used semiconductor. The electrons flow through the external load and return to the counter electrode, which is in direct contact with the liquid electrolyte, where they are absorbed. The ionic transport of a redox pair in the electrolyte is responsible for the regeneration of the dye.



The nanocrystalline structure of TiO2 is critical for the efficient operation of DSSCs [109]. Because ordered one-dimensional nanostructures such as nanotubes, nanorods, and nanowires are expected to provide direct charge transport routes and thus the boost charge-collecting efficiency of DSSCs, much research has focused on photoanodes made of these nanostructures [83]. TNTs are thought to perform better compared to other one-dimensional nanostructures (i.e., nanowires and nanorods) due to their larger surface area provided by their hollow structure. The one-dimensional structure of TNTs enables efficient electron conduction without intergranular scattering, which is common in other nanostructured materials [110,111]. The charge-collection efficiency has also increased because of the faster recombination time offered by TNTs. The use of TNTs also allows efficient light trapping and deeper light penetration due to their long electron diffusion length and hollow shape.



Recent research has focused on polymer–inorganic hybrid solar cells, which have the potential to become another low-cost and significant source of solar energy conversion [89,90,112]. They combine the best semiconductor features, such as high electron mobility and stability, with the operational flexibility given by polymers. Light is absorbed by the polymer in these devices, resulting in the formation of excitons. Upon reaching the hybrid interface, excitons break and split into independent charges, which introduce electrons and free holes into the inorganic semiconductor and the polymers, respectively. The use of TNTs as a semiconductor material in these solar cells can improve performance and reduce costs [113,114]. The polymers occupy the empty space between arranged TNTs and form hybrid active layers. TNTs have an organized nanostructure, which allows the creation of direct charge transport pathways in these devices. Mor et al. [115] showed a hybrid device made of TNT arrays sensitized with SQ-1 and uniformly infiltrated with p-type 3-hexylthiophene-2,5-diyl (P3HT) as shown in Figure 7. The vertical TNT arrays with 20–35 nm pore sizes allow for efficient charge production and P3HT infiltration within the tubes. In this arrangement, SQ-1 dye absorbs red and near-IR photons, while P3HT harvests higher energy photons. The comparable absorption bands of these two materials make them suitable candidates for a wide-spectrum solar cell. As a result, the efficiency of the device increased to 3.8% in AM 1.5 full sunshine.



Perovskite is a new class of light harvesters for mesoscopic solar cells that has recently drawn a lot of interest [92,93]. It only took a few years for this newly constructed solar cell to acquire a power conversion efficiency (PCE) of 15.4%. Javed et al. [91] recently revealed that encapsulating TNTs with Cs nanoparticles improves the performance of PSC by increasing the electron injection rate and thermal stability of the device. A simple electrochemical anodization method was employed to synthesized TNTs and Cs–TNTs in their study. The Cs–TNTs displayed significant absorption when compared to the pure TNT sample, with the doped sample exhibiting a red shift in the spectrum. When compared to a pure TNT-based electron transport layer in perovskite solar cells, the Cs–TNT-based perovskite device performed better, resulting in an 18.67% and a 22.28% increase in JSC and PCE values, respectively. Increased extraction of photo-generated charge carriers in the device could be a reason for the reported improvement in photovoltaic characteristics.



As a result of these consistent advancements, it has become clear that TNTs are one of the vital nanostructured materials in the hunt for efficient and low-cost solar energy conversion solutions. It is envisaged that future research efforts on novel materials and critical interfaces will lead to the creation of TNT-based solar cells.




4. TNTs for Biomedical Applications


Among many other disciplines, TNTs have had appeal in the biomedical field. As titania is non-toxic in the human body and possesses better corrosion resistance and high specific strength, it has become one of the most widely used biomaterials for orthopedics, dental implants, bone regeneration, and smart drug delivery systems [47,116]. Titania is either being utilized in the form of a coating on an implant material through various deposition techniques or by growing self-ordered arrays of TNTs on a Ti substrate via the electrochemical anodization process [16,23].



Targeted drug delivery is a promising approach for sustained and efficacious release of antibiotics and other drugs, applicable in both oral drug administration and implanted devices. One such example is the study conducted by Mansoorianfar and coworkers [25]. Electrochemically anodized TNTs were filled with the antibacterial drug vancomycin on the implant surface, first by immersion and then by the electrophoresis method. The vancomycin particles released from TNTs and attached to bacteria, hindering bacteria from forming an infectious biofilm on the implant surface.



Figure 8 illustrates the antibacterial mechanism of TNTs via different modes described by Li et al. [117]. The bacterial inhibition modes can include: charge repulsion antibacterial property (A), stretching force antibacterial property (B), hydrophilicity prohibiting bacterial adhesion (C), controlling drug release and loading quantity via regulation of the dimensions (D), controlling drug release via the application of coatings (E), controlling drug release and loading quantity via the use of drug-mixing coatings (F), distribution of NP and ion release ability of a TNT modified by polydopamine-assisted reduction (G), distribution of NP and ion release ability of a TNT modified by magnetron sputtering (H), distribution of NP and ion release ability of a TNT modified by ion implantation (I), the pH-triggered self-response system (J), the temperature-triggered self-response system (K), and the enzyme-triggered self-response system (L).



There are certain features required of a biomaterial to contemplate its use in orthopedic practices and dentistry. Just like any other implant or organ replacement in the body, dental implants too significantly depend on their safe, stable, and long-term bonding with the jaw bone. The dental implant should be able to positively interact with fibrous connective tissue to set off as biofunctional.



A biocompatible material harboring attractive mechanical characteristics specific to the site of application is a fundamental requirement. Along with that, resistance to corrosion and wear in the human physiological environment and good osseointegration are the prerequisites for a suitable orthopedic and dental implant [118,119]. Ti and its alloys have been identified as suitable choices for this purpose [25,120]. To enhance the interaction of Ti-based implants with the bone, various surface treatment techniques have evolved over time, including grit blasting, acid etching, incorporation of metallic ions in TNTs, and electrochemical treatment [121,122]. It is an established fact that osteoblast proliferation is critical for bone regeneration and that TNTs can promote it. Chernozem et al. and coworkers fabricated TNTs on a Ti–Nb substrate at two different anodization voltages with varying Nb content, as Nb is inert and biocompatible. Better results for mesenchymal stem cell (MSC) adhesion and cell proliferation were obtained at a lower voltage, irrespective of the Nb content [21]. A major portion of the human bone is made up of hydroxyapatite (HA), a natural mineral of Ca, P, and O. For an implant to bond with bone tissues, HA promotes the necessary interaction [123]. Many investigations are considered successful on the ability of a material to produce HA. An in vitro study in SBF was conducted to analyze the bioactivity of MnO–NPs decorated in anodized TNTs [124]. A higher amount of HA was formed in TNTs decorated with a higher concentration of MnO–NPs.



Targeted drug delivery and control over drug releasing capability are the key features to augment the therapeutic effect in clinical trials, and TNTs are potential candidates for the occasion [125]. Owing to the tubular structure formation and high surface area, there is ample space for various drug loadings in TNTs. Such a system for the antibiotic gentamicin, loaded in electrochemically synthesized TNTs on Ti–24Zr–10Nb–2Sn was explored by Lopez and his group [126]. The study aimed at the bactericidal effect of the antibiotic and its sustained release in the phosphate buffer solution. The results showed an effective release of the drug from TNTs in an antibiogram test, which remarkably inhibited the growth of bacteria staphylococcus aureus in the culture medium.



The beneficial drug-carrying capacity of TNTs has played a significant role in the advancement of chemotherapy without damaging healthy cells. The localized release of the anti-cancerous drug cisplatin loaded in chitosan-coated TNTs were probed by Wan and his colleagues [127]. A prolonged release of the drug was reported, challenging the traditional chemotherapeutic treatment for cancer. Other than potential drug carriers, TNTs have found application in cancer treatment through photodynamic therapy (PDT). PDT is an efficient and non-invasive alternate method for treating tumor cells instead of conventional therapies [128]. The mechanism involves the irradiation of a photosensitizer biomaterial with the help of light, distributed at the site of unhealthy cells as shown in Figure 9 [129]. The photosensitizer absorbs photons of a certain wavelength and enters an excited energy state, leading to the production of reactive oxygen species (ROS), which helps destroy cancer cells. Jimenez et al. [130] synthesized novel folic acid (FA)-conjugated TNTs and alumina NTs to use them as biocompatible photosensitizers in PDT. FA-conjugated TNTs generated a sufficient amount of ROS targeting the HeLa cells, proving their potential future application in PDT. However, intensive research is needed to modify and shift the photodynamic response of TNTs towards the spectrum of visible light.



TNTs have exhibited numerous utilities in the biomedical field mainly due to their astounding biocompatibility and ease to control their physical and chemical properties through various processing techniques. Biomedical applications in the case of TNTs can be categorized as drug delivery systems, antibacterial surfaces, and osseointegration in implanted devices. Decades of research prove that TNTs have established their worth as an efficient, non-toxic, and cost-effective biomaterial. Table 2 comprising a few recent studies in the field of dentistry and orthopedic implants is given below for further reading.




5. TNTs for Water Purification


Another field of applications for TNTs is water purification for producing potable water. The TNTs can either be used for photocatalysis of organic pollutants or as biocidal materials to induce antifouling properties. The nanotubular structure of titania is considered superior over a spherical and cubical shape for both applications due to a higher surface to volume ratio [141]. However, water contamination due to any leaching and the resultant cytotoxicity and genotoxicity should also be considered carefully to ensure biocompatibility.



Photocatalysis essentially utilizes the photon energy from ultraviolet or visible light to degrade organic pollutants through a photo-assisted oxidation reaction. Often, the process of photocatalysis is augmented with the electrochemical oxidation of the organic matter, termed photoelectrocatalysis. These methods of decontaminating water are preferred over traditional biological or other chemical processes due to their lower cost and simplicity. To elaborate further, no chemicals, i.e., simply the electrons, act as the reagents to carry out the desired oxidation reaction.



Titania has proved to be an efficient catalyst for non-selective oxidation of organic impurities in water. A film of TNTs has displayed higher photocatalytic efficiency for oxidation of organic pollutants compared to that of TNPs. Furthermore, it has also been established that the individual TNTs have higher mass and charge transfer capacities than the interconnected TNTs and thus have an improved rate of photo-assisted oxidation of the organic matter. Chemical doping as well as microstructural adjustments has also been considered to improve the performance of TNTs as photocatalysts. However, chemical doping has resulted in a decreased oxidation rate due to decelerated electron transfer and accelerated recombination of electron–hole pairs. Another approach to improve the photocatalytic activity of TNTs for oxidation reaction is to add hydrogen peroxide (H2O2) in the aqueous media [142].



TNTs have also been utilized to electrochemically reduce chromium hexavalent ions (Cr(VI)) from industrial wastewater into less toxic trivalent ions (Cr(III)). This process was also improved by the use of alkaline urea as an anolyte additive as a result of the release of additional electrons at the anode. Moreover, it was also noticed that the lower concentrations of urea could help with the Cr(VI) reduction to Cr(III), as higher concentrations would lead to polarization losses. Finally, a comparison was made between bare Ti and TNTs used as cathodes, and higher Cr(VI) reduction to Cr(III) was observed [143] as shown in Figure 10.



Finally, TNTs also have shown potential against biological microorganisms (i.e., algae and bacteria). For example, Wang et al. [144] studied the toxicity of TNPs, TNTs, and a binary mixture of TNPs and TNTs for two freshwater algae, namely, Scenedesmus obliquus and Chlorella pyrenoidosa. Their results indicated better biocidal properties of the binary mixture of TNPs and TNTs compared to TNTs alone for both types of algae. Additionally, the bactericidal properties of TNTs could be enhanced by the use of antibacterial coatings such as chitosan and silver nanoparticles (Figure 11) [145,146].




6. Concluding Remarks


In this review, we presented some commonly used techniques for the synthesis and property modification of TNTs. Vertically aligned TNTs can be best modified via the electrochemical anodization method. TNTs have exhibited large potential for application in the energy sector, in water purification, and in the biomedical field. Nanostructured TNTs with controllable length, wall thickness, and pore size provide a large surface area for high-performance solar energy conversion. Drug-eluting deep nanostructures have facilitated interaction with biological molecules and biopolymers, enhancing the prospects of tissue regeneration. Furthermore, photocatalysis induced by TNTs is effective against organic pollutants as well as microorganisms.



Although the synthesis mechanism of TNTs has been greatly explored, we still face the challenge of understanding the effect of various electrolytes and growth parameters. The formation mechanism of TNTs is known; however, a detailed comprehension of electrolyte species and their interaction kinetics with the surface of titanium is of extreme importance because it directly affects the morphology, dimensions, and resulting properties of the TNTs. Once the theory behind the TNT formation is established, the photocatalytic, photovoltaic, and photoelectrochemical performance of solar cells may be enhanced. The mechanism of TNTs’ interaction with biological entities may be further explored, and more effective drug delivery systems can be generated. Hence, a coalesced theory to describe the growth of TNTs via various routes is required for further advancement in the subject.
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Figure 1. Morphology of Ti 6–4 surface after anodizing process under voltage of (a) 50, (b) 60, and (c) 75 V. Reproduced from [25] with permission from Elsevier™. 
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Figure 2. Synthesis of TNTs via template-assisted method. 
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Figure 3. Synthesis of TNTs via catalyst-assisted VLS. 
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Figure 4. Synthesis of TNTs via hydrothermal treatment. 
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Figure 5. Synthesis of TNTs via electrochemical anodization. 
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Figure 6. Schematic diagram of the working principle of DSSCs. Reproduced from [108]. 
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Figure 7. (a) Depiction of hybrid solid-state solar cell, (b) Energy level positions and charge transfer processes of the constituent layers of the described hybrid solar cell, (c) Molecular structure of SQ-1 dye and P3HT polymer. Adapted from [115] with permission from American Chemical Society™. 
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Figure 8. Mechanisms of antibacterial application of TNTs in orthopedic implants. Reproduced from [117]. 
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Figure 9. (a) Schematic diagram of the photophysical and photochemical mechanisms, * represents the excited energy state of PS, (b) The cytological process of PDT therapy. Reproduced from [129]. 
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Figure 10. (a) Electrolytic reduction of 100 mgL−1 Cr (VI) at 5 V with (□) Ti cathode with 100 mgL−1 Cr on both sides, (○) addition of 0.1M urea into 1M KOH at anode and with Ti cathode, (∆) addition of 0.1 M urea into 1 M KOH at anode and with TNT cathode, (b) Cr (VI) reduction into Cr (III) on TNT with urea as anolyte additive (reproduced from [143] with permission from Elsevier™). 
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Figure 11. (A) SEM images of P. aeruginosa adhered on control TNT sample and bacteria shown in detail in the insert of (A). (B) Live/dead fluorescence images of P. aeruginosa adhered on differently functionalized Ag–NPs decorated on TNTs (red = dead cells; green = live cells). Abbreviations: polyvinylpyrrolidone, PVP; branched polyethyleneimine, BPEI; polyethylene glycol, PEG. Reproduced from [145]. 
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Table 1. Comparison of various fabrication processes for TNTs.
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	Process
	Benefits
	Drawbacks
	Ref.





	Sol–gel
	
	
Lower synthesis temperature



	
Highly pure TNTs





	
	
Difficult to scale-up



	
Time-consuming process



	
Formation of secondary phases



	
Uncontrollable aspect ratio of TNTs





	[34,35]



	Template-assisted
	
	
Broad range of dimensions



	
Highly uniform, ordered, and vertically aligned TNTs



	
Compatible with a large number of substrates





	
	
Difficult prefabrication and removal of template



	
Impurities in TNTs





	[37,38,53]



	Hydrothermal
	
	
Wide range of temperature for wide range of reactions



	
Controlled composition of reactants





	
	
Require high pressure



	
Random distribution of TNTs





	[39,40]



	VLS growth
	
	
Oriented TNT arrays



	
Controllable growth direction



	
Exposed crystal facets





	
	
Require high temperatures



	
High cost of production



	
Low through output





	[36]



	Electrochemical anodization
	
	
Relatively simple and easy to handle



	
Impurity-free TNTs



	
Efficient and controlled process



	
Ordered and vertically aligned TNTs



	
High aspect ratio of TNTs



	
Low-cost process





	
	
Incompatible with various substrates including silicon and glass





	[37,41,42,47]
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Table 2. TNTs application in dentistry and orthopedic implants.
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	Application
	System
	Major Findings
	Ref.





	Dental Implants
	
	
Electrochemically anodized TNTs



	
3D-printed Ti–6Al–4V substrate with controlled microstructure using selective laser melting



	
Bioactive coating of HA by immersion method





	
	
Successful synthesis of Ti alloy strips



	
Improved osseointegration, protein adsorption, and cell adherence and growth





	[131]



	
	
	
Electrochemically anodized TNTs



	
Natural resinous compound propolis loaded in TNTs





	
	
Enhanced cell proliferation and differentiation



	
Propolis was effective as antibacterial and anti-inflammatory drug



	
Increase in bone mineral density





	[132]



	
	
	
Anodized TNTs



	
Loaded with Ag and Zn NPs by DC magnetron sputtering





	
	
Achieved augmented microbial elimination in vitro against S. mutans, Candida albicans, and Candida parapsilosis





	[133]



	
	
	
Modified TNTs using thermal hydrogenation technique, i.e., H2–TNTs





	
	
Super-hydrophilic surface was produced over TNTs



	
Improved bioactivity of HGFs



	
Improved regeneration of soft connective tissues



	
Accelerated wound healing capacity of H2–TNTs was observed





	[134]



	
	
	
Electrochemically anodized TNTs



	
Decorated with Au–NPs by repeated immersion and irradiation process



	
Layered deposition of Au–NPs





	
	
Successful synthesis of visible light triggered surface



	
Photocatalytic behavior attained



	
Good antimicrobial and anti-inflammatory response





	[135]



	Orthopedic Implants
	
	
Electrically polarized TNTs



	
CP Ti substrate





	
	
Accelerated bone healing achieved





	[136]



	
	
	
Electrochemically anodized TNTs



	
Ag–NPs loading via immersion





	
	
Burst drug release achieved at pH of 5.5, related to infectious site



	
Increased antibacterial properties shown by Ag–NPs



	
Novel design did not inhibit osteo-induction





	[137]



	
	
	
Electrochemically anodized TNTs



	
Duplex coating of HA–chitosan–casein co-doped with La and Tb via electro-deposition method





	
	
Homogeneous novel composite coatings were achieved



	
Apatite formation was favorable in attaining bioactivity and antibacterial response



	
Appreciable protection against corrosion in Ringer’s solution



	
Potentially good choice for orthopedic implants





	[138]



	
	
	
Electrochemically anodized TNTs



	
Antibacterial poly-hexamethylene guanidine (PG) loaded in TNTs via overnight immersion





	
	
Superior antibacterial behavior



	
Elimination of E-coli and S. aureus in a 5 min slot only



	
Effective against infection in rat infection model



	
Enhanced osteo-induction





	[139]



	
	
	
HA–TNT–CNT nanocomposites



	
HA–TNT composites (from respective powders) produced via hydrothermal process



	
Incorporation of CNTs in HA–TNT composite by hydrothermal mixing





	
	
Improved surface hardness, wear resistance, and Young’s modulus



	
Enhanced adhesion and proliferation of cells



	
No cytotoxicity was exhibited on HA–TNT–CNT surface





	[140]
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