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Abstract: Titanium dioxide (TiO2) micro and nano architectures have been intensively studied in 15 
the past years because of many varied applications in environmental, energy conversion, and 16 
storage fields, such as heterogeneous catalysis, dye-sensitized solar cells, lithium/sodium ion 17 
batteries, lithium-sulfur (Li-S) batteries, and bio-nanotechnology, etc. Especially the surface and 18 
interface structures in the TiO2 structures play important roles in those applications. This mini 19 
review article focuses on TiO2 micro and nano architectures with the prevalent crystal structures 20 
(anatase, rutile, brookite, and TiO2(B)), and summarizes major advances in the surface and 21 
interface engineering and applications in environmental and electrochemical applications. We 22 
present the principles and growth mechanisms of TiO2 nanostructures via different strategies, with 23 
an emphasis on rational control of the surface and interface structures. We further discuss the 24 
applications of TiO2 micro and nano architectures in photocatalysis, lithium/sodium ion batteries, 25 
and Li-S batteries. Throughout the discussion, the relationship between the device performance 26 
and the surface structures of TiO2 micro/nano structures will be highlighted. Then we discuss the 27 
phase transitions of TiO2 nanostructures and possible strategies of improving the phase stability. 28 
The review concludes with a perspective on the current challenges and future research directions. 29 

Keywords: titanium dioxide; crystal structure; surface/interface structure; photocatalysis; 30 
lithium/sodium ion batteries; Li-S batteries; phase stability  31 

 32 

1. Introduction 33 

Energy and environment are important factors which affect the sustainable development of the 34 
society. Clean energy techniques and environmental treatment solutions based on advanced 35 
nanomaterials which are earth abundant and environmentally compatible show the potential to 36 
solve the crisis. Titanium dioxide (TiO2) is such a material that satisfies the criteria [1-2]. As an 37 
important and widely used wide bandgap (3.0-3.2 eV) oxide semiconductor, TiO2 shows unique 38 
physical and chemical properties [3]. The applications of TiO2 materials range from conventional 39 
fields (cosmetic, paint, pigment, etc) to functional devices, such as photo- or electrocatalysis, 40 
photoelectrochemical or photovoltaic cells, lithium/sodium ion batteries, Li-S batteries, and 41 
biotechnological applications [4-13]. 42 

There are at least 11 reported bulk or nanocrystalline phases of TiO2. In nature, TiO2 forms four 43 
main phases: rutile, anatase, brookite, and TiO2(B). The crystal models of the four structures are 44 
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illustrated in Figure 1. All these TiO2 phases can be viewed as constructed by Ti-O octahedral units. 45 
The main structural difference is the connecting ways of the basic Ti-O octahedral repetitive units. 46 
For instance, octahedra shares two, three and four edges in rutile, brookite, and anatase phase, 47 
respectively. In TiO2(B) phase, the Ti-O octahedral connection is similar to the anatase one, but with 48 
a different arrangement that shows layer character [14]. Under the condition of normal temperature 49 
and atmospheric pressure, the relative stability of bulk phase is rutile > brookite > anatase > TiO2(B) 50 
[15]. However, this stability order can be changed by ambient condition and sample properties 51 
(particle size, morphology, surface state, etc). The four TiO2 phases can be distinguished by using 52 
diffraction, Raman spectroscopy, or electrochemical techniques. Due to the structural difference, 53 
these TiO2 phases each have their specific applications. Therefore, it is important to study the phase 54 
transformation among different phases and develop methods to improve the phase stability[16-18].  55 

 56 

 57 

Figure 1. Crystal structures of typical TiO2 polymorphs: (a) rutile, (b) brookite, (c) anatase, and (d) 58 
TiO2(B). Gray and red spheres are Ti4+ and O2− ions, respectively.      59 

For a given TiO2 phase, the surface and interface structures play important roles in the 60 
applications mentioned above [12,13,19]. Photo- or electrocatalysis requires the effective adsorption 61 
and desorption of reactant molecules/ions and intermediate products on the surface of TiO2 62 
photocatalysts [20-23]. The ions transportation is occurred across the surface or interface of TiO2 63 
electrodes during the continuous charging and discharging processes in lithium/sodium ion 64 
batteries[24]. Adjusting the interaction between sulfur cathodes and the surface of TiO2 host is 65 
important to improve the stability of Li-S batteries with a higher capacity than those of lithium ion 66 
batteries [25]. Therefore, engineering the surface/interface structures of TiO2 crystals is not only 67 
fundamentally important for studying the essential interaction between molecules or ions and TiO2 68 
but also valuable to the technical applications [26,27]. 69 

In this review, we summarize the most recent progress in engineering the surface/interface 70 
structures of TiO2 micro/nanostructures for the applications in environment and electrochemistry. 71 
The article is organized as follows: section 2 reviews the main strategies used for surface/interface 72 
engineering in TiO2 materials; section 3 discusses the advantages and different application of 73 
surface/interface engineering in the context of photocatalytic degradation of organic contaminants, 74 
water-splitting, CO2 reduction, electrodes for lithium/sodium ion batteries and Li-S batteries; 75 
section 4 analyzes the phase stability of typical TiO2 structures, and the possible routes to improve 76 
the stability; finally, we will provide a personal perspective on the current challenges and important 77 
future research directions. 78 

2. Strategies in Surface/Interface Engineering of TiO2 Micro/Nanostructures  79 

The above discussion shows that surface and interface structures in TiO2 materials are related 80 
to the electronic/optical properties and thus diverse applications ranging from energy to 81 
environment. So far, different methods have been proposed to control the surface and interface 82 
configurations for TiO2 micro/nanostructures [28-30]. Among the methods, a primary classification 83 
can be made by distinguishing physical and chemical methods, which are based on top-down and 84 
bottom-up approaches, respectively. There are several excellent reviews describing the specific 85 
synthesis methods (such as self-assembly, template, hydrothermal, solvothermal, annealing, 86 
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electrochemical method, etc.) to achieve the control of surface/interface structures [5,19,31]. In this 87 
paper, we avoid describing the different synthesis methods, but discuss fundamental strategies, 88 
including one-step (sometimes called in-situ) methods, post treatment, and theoretical guidance, 89 
those are used to engineer the surface/interface structures.     90 

2.1 One-step approach 91 

In order to achieve the engineering of the surface/interface structures via the one-step approach, 92 
understanding the nucleation and further growth is essential. Up to now, solution-based and 93 
vapor-based approaches have been developed to control the nucleation and growth, and different 94 
mechanisms including vapor−liquid−solid, orientation attachment, Ostwald ripening, 95 
surfactant-controlled, and surface reaction-limited growth have been proposed, which have been 96 
covered in a number of excellent reviews [5,19,31].   97 

Richter et al. fabricated aligned TiO2 nanotube arrays by anodic oxidation of a pure titanium 98 
sheet in an aqueous solution containing hydrofluoric acid (0.5 ~ 3.5 wt%) [32]. Electron microscopy 99 
images showed the tops of the tubes were open, and the bottoms of the tubes were closed. The 100 
average tube diameter was found to grow with increasing anodizing voltage, while the length of the 101 
tube was found to be independent of anodization time. Field-enhanced void structure was 102 
responsible for the formation of the nanotube structures. By suitable choice of the pH value, 103 
electrolytes and the Ti sources, the geometry and composition of the nanotube arrays can be 104 
controlled more precisely (Figure 2). 105 

Penn et al. proposed that some TiO2 nanostructures can be formed in solution through the route 106 
of oriented attachment, where the merger of nanocrystals is based on crystallographic orientations of 107 
the nanocrystals to form single crystalline structure [33]. Experiment and simulations showed that 108 
the driving force of an oriented attachment growth was the reduction of the surface energy 109 
contributed by the removal of certain crystal facets with a high surface energy. The kinetics of the 110 
oriented attachment growth was directly related to the solution properties and reaction temperature. 111 
Therefore, it is possible to control the surface/interface properties of the final TiO2 nanostructures by 112 
modifying the crystal facets of the pristine nanocrystals as well as solution viscosity and others. 113 

 114 

 115 

Figure 2. Engineering the surface/interface structures in TiO2 materials via one step approach. 116 
Scanning electron microscopy images of amorphous TiO2 nanotube arrays fabricated by anodic 117 
oxidation. (a, b) reprinted from [32] with permission, Copyright Nature Publishing Group, 2010. 118 

2.2 Post treatment routes 119 

Based on the well-established top-down and bottom-up approaches, the synthesis of TiO2 120 
micro/nanostructures with controllable parameters, such as size, morphology, composition, as well 121 
as assembly, can be achieved. Those TiO2 materials with well-defined geometry and chemistry 122 
provide abundant possibilities to further tune the atomic scale structures. Therefore, different 123 
post-treatment techniques, including thermal annealing, electrochemical cycling, and solution 124 
reaction, have been developed to yield TiO2 materials with modified surface and interface structures 125 
[34-40].       126 
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By employing high pressure (~20 bar) hydrogen annealing treatment, Chen et al. successfully 127 
converted the pristine white TiO2 nanoparticles into black hydrogenated particles (Figure 3a-e) [34]. 128 
The color change indicated the optical absorption properties had been modified through the 129 
treatment. Further structural characterizations showed that the obtained black TiO2 nanoparticles 130 
possessed core-shell structure, which included a well-crystallized lattice core surrounded by a 131 
lattice-disordered shell. The surface layer with disordered feature was due to hydrogen dopant, 132 
form the Ti–H and O–H bonds, and contributed to the midgap states and the black color of the 133 
hydrogenated TiO2 nanoparticles. Similar to the case of hydrogen treatment, annealing in oxygen 134 
deficient atmosphere also results in the effective modification of the surface/interface structures. 135 
Huang et al. reported a facile solution and subsequent thermal annealing in ethylene for the 136 
synthesis of rutile TiO2 nanoparticles [35]. They found that each particle surface was etched to form 137 
pits with an average size of 2–5 nm, which were named as quantum pits. It was believed that the 138 
nickel chloride assisted ethylene thermolysis played an important role in the formation of the above 139 
novel structure. During the annealing, nickel ions catalyzed ethylene thermolysis to form carbon on 140 
the surface of TiO2 nanoparticles. Then, the carbon layer and trace Cl2 in the reaction chamber in situ 141 
etched TiO2 to form quantum pits according to the reaction: TiO2 + 2C + 2Cl2 ↔ TiCl4 + 2CO. 142 
Compared to the nanoparticles with other morphologies, the obtained rutile TiO2 nanoparticles with 143 
quantum pits possess more unsaturated bond and other defect structures, such as terraces, steps, 144 
and kinks, which will provide more active sites for lithium ions storage and enhance the 145 
conductivity. Recently, electrochemical cycling in different mediums (aqueous, organic solution, and 146 
ionic liquids) have been employed to modify the surface structure and composition of TiO2 materials. 147 
The results show that the surface defect structures, especially oxygen vacancies, and their amount 148 
can be well controlled by tuning the electrochemical parameters at ambient conditions. 149 

 150 

 151 

Figure 3. Post treatment route to tune the surface/interface structures in TiO2 materials. (a) A photo 152 
comparing unmodified white and disorder-engineered black TiO2 nanocrystals; (b, c) HRTEM 153 
images of TiO2 nanocrystals before and after hydrogenation, respectively. In (c), a short dashed curve 154 
is applied to outline a portion of the interface between the crystalline core and the disordered outer 155 
layer (marked by white arrows) of black TiO2; (d, e) X-ray Diffraction (XRD) and Raman spectra of 156 
the white and black TiO2 nanocrystals (reprinted from [34] with permission, Copyright American 157 
Association for the Advancement of Science, 2011). (f) Schematic and electron microscopy images of 158 
mesoporous single-crystal nucleation and growth within a mesoporous template (reprinted from [29] 159 
with permission, Copyright Nature Publishing Group, 2013). 160 

Template assistance is also effective to control the surface/interface of TiO2 micro/nano 161 
configurations. Crossland et al. developed a mesoporous single-crystal anatase TiO2 based on seeded 162 
nucleation and growth inside a mesoporous template immersed in a dilute reaction solution (Figure 163 
3f) [29]. In a typical process, silica template was firstly seeded by pre-treatment in a solution of TiCl4 164 
at 70 oC for 60 min. The anatase TiO2 mesoporous single-crystal was obtained via hydrothermal 165 
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treatment of TiF4 in the presence of hydrofluoric acid and pre-treated silica template. The template 166 
was removed by etching in aqueous NaOH to recover the mesoporous TiO2 crystal product. The 167 
final product reveals facet truncated bipyramidal crystals with external symmetry matching that of 168 
the homogeneously nucleated bulk crystals, whose mesoscale structure is a negative replica of the 169 
silica template. Compared to the conventional TiO2 nanocrystalline, the TiO2 mesoporous 170 
single-crystal show higher conductivity and electron mobility. 171 

2.3 Theoretical guidance 172 

With the rapid development of modern calculation and simulation, computational material 173 
methods based on diverse scale, such as finite element, large scale molecular dynamics (MD) 174 
simulation, and density functional theory (DFT) are becoming more and more powerful to provide 175 
fundamental insights into experimental results, and more importantly, design and predict the 176 
performance of novel functional materials. With the assistance of theoretical methods, it is possible 177 
to understand the nucleation, growth, surface properties in liquid and gas environment, which is 178 
important to achieve controllable synthesis and optimize physical/chemical properties of the 179 
nanomaterials [41-43].  180 

The equilibrium morphology of a crystal is given by the standard Wulff construction, which 181 
dependents on the surface/interface properties. Barnard and Curtiss investigated the effects of 182 
surface chemistry on the morphology of TiO2 nanoparticles by using a thermodynamic model based 183 
on surface free energies and surface tensions obtained from DFT calculations. In the condition of 184 
hydrated, hydrogen-rich, and hydrogenated surfaces, the shape of anatase and rutile nanoparticles 185 
vary little, however, in the case of hydrogen-poor and oxygenated surfaces, the anatase and rutile 186 
nanocrystals become elongated. The results show that the exposed facets of the TiO2 nanocrystals 187 
can be controlled through modifying the surface acid-base chemistry.  188 

Besides the acid-base condition, heterogeneous atoms or surfactant adsorption can also affect 189 
the surface and interface structures. Based on DFT calculations, Yang et al. [28] systematically 190 
studied the adsorption of a wide range of heterogeneous non-metallic atoms X (X = H, B, C, N, O, F, 191 
Si, P, S, Cl, Br or I) on {100} and {101} facets of anatase TiO2 crystals (Figure 4). The results show the 192 
adsorption of F atoms not only decreases the surface energy for both the (001) and (101) surfaces, but 193 
also results in the fact that (001) surfaces are more stable than (101) surfaces, i.e., the F adsorption is 194 
favorable for the formation of (001) facets in anatase TiO2. The theoretical results inspire intense 195 
studies on the surface structure control of TiO2 crystals. Experimentally, a mixture containing 196 
titanium tetrafluoride (TiF4) aqueous solution and hydrofluoric acid was hydrothermally reacted, to 197 
generate the truncated anatase bipyramids, and anatase TiO2 single crystals with a high percentage 198 
of {001} facets were obtained. 199 

 200 

Figure 4. Theoretical calculation guides the modification of surface/interface structures. (a-f) Slab 201 
models and calculated surface energies of anatase TiO2 (001) and (101) surfaces. (a, b) Unrelaxed, 202 
clean (001) and (101) surfaces; (c, d) Unrelaxed (001) and (101) surfaces surrounded by adsorbate X 203 
atoms; (e) Calculated energies of the (001) and (101) surfaces surrounded by X atoms; (f) Plots of the 204 
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optimized value of B/A and percentage of {001} facets for anatase single crystals with various 205 
adsorbate atoms X. (g, h) SEM images and statistical data for the size and truncation degree of 206 
anatase single crystals (reprinted from [28] with permission, Copyright Nature Publishing Group, 207 
2008). 208 

3. Applications of Surface/Interface Engineered TiO2 Micro/Nanostructures 209 

Surface and interface structures of TiO2 materials play important roles in multiple 210 
physical/chemical processes. Herein, we will highlight the recent progress in the research activities 211 
on the surface/interface engineered TiO2 micro/nanostructures used for photocatalysis (including 212 
photocatalytic degradation of organic contaminants, photocatalytic hydrogen evolution, and 213 
photocatalytic CO2 reduction), lithium/sodium ion batteries, and Li-S batteries. 214 

3.1. Photocatalysis 215 

There are 4 main steps involved in heterogeneous photocatalysis process (Figure 5a): (1) light 216 
absorption; (2) the generation and separation of photoexcited electrons and holes; (3) the migration, 217 
transport and recombination of carriers; and (4) surface electrocatalytic reduction and oxidation 218 
reactions. The overall photocatalysis efficiency is strongly dependent on the cumulative effects of 219 
these four consecutive steps. Among different photocatalyst materials, TiO2 is considered to be a 220 
remarkable photocatalyst due to the notable merits such as nontoxicity, biological compatibility, and 221 
universality. However, for practical use of pristine TiO2 materials, the photocatalytic activity is 222 
hampered by the intrinsic limitations of the wide bandgap and the high electron-hole recombination 223 
rate. Only UV light can activate the TiO2 photocatalysts an the UV only account for less than 5% of 224 
the full solar spectrum. The high electron-hole recombination rate results in a low quantum yield 225 
and inefficiency of photocatalytic reactions. Since the photocatalytic reaction is a surface or interface 226 
sensitive process, control of the surface/interface structures in TiO2 materials provides a possible 227 
way to improve the light absorption and visible light usage, and facilitate the carrier separation, 228 
resulting in enhanced photocatalytic properties. Many attempts have been carried out to modify the 229 
surface or interface structures of TiO2 materials, such as exposed crystallographic plane tuning, 230 
defect engineering, interface construction, and so on (Figure 5b-d). In the following, we will discuss 231 
the effects of 3 surface/interface modification routes on photocatalytic degradation of organic 232 
contaminants, photocatalytic hydrogen evolution, and photocatalytic CO2 reduction.    233 

 234 

 235 

Figure 5. (a) Different stages in heterogeneous photocatalysis (reprinted from [44] with permission, 236 
The Royal Society of Chemistry, 2016); surface/interface engineered TiO2 structures for 237 
photocatalytic improvement: (b) crystallographic plane tuning (reprinted from [45] with permission, 238 
American Chemical Society, 2014), (c) defects engineering (reprinted from [46] with permission, 239 
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Elsevier B.V., 2016), and (d) creating interfaces in TiO2 nanostructures (reprinted from [47] with 240 
permission, Elsevier B.V., 2017). 241 

3.1.1. Photocatalytic Degradation of Organic Contaminants 242 

With a rapidly growing world population and expanding industrialization, development of 243 
new materials, techniques and devices those can provide safe water and air is important to the 244 
societal sustainability. Semiconductor photocatalysis has been utilized as an ideal way to degrade 245 
various organic contaminants in water and air. TiO2 nanostructures with tailored surface and 246 
interface have been demonstrated as enhanced photocatalytic efficiency in the degradation of 247 
pollutants. 248 

Edy et al. synthesized free-standing TiO2 nanosheets with different thickness via atomic layer 249 
deposition on a dissolvable sacrificial polymer layer [48]. The photocatalytic performance was 250 
evaluated for photocatalytic degradation of methyl orange under UV light irradiation. The 251 
photocatalytic activity increases with increasing the thickness, which maybe due to the existence of 252 
Ti3+ defect and locally ordered domain structures in the amorphous nanosheets. TiO2 nanostructures 253 
with exposed highly reactive facets, for example, anatase TiO2 nanosheets with {001} facets, are 254 
desirable for the photocatalytic enhancement. Those thin nanosheets are prone to aggregate during 255 
the practical usage, which results in the loss of photocatalytic activity. Assembly the individual 256 
nanostructure into hierarchical architecture can not only suppress the aggregation of 257 
micro/nanoscale building blocks, but also increase specific surface area and the amount of active 258 
reaction sites, and reduce the diffusion barrier. We synthesized anatase TiO2 hollow microspheres 259 
assembled with high-energy {001} facets via a facile one-pot hydrothermal method [49]. The 260 
percentage of exposed {001} facets on the microspheres was estimated to be about 60%. The 261 
photocatalytic ability was evaluated by photodegradation of methylene blue under UV light. The 262 
photocatalytic degradation reaction follows pseudo-first-order kinetics among the studied samples. 263 
The apparent photochemical degradation rate constant for the hierarchical TiO2 structures is 4.07 × 264 
10−2 min-1, which is faster than that of control samples (P25 powders, 3.11 × 10−2 min-1; porous TiO2 265 
powders, 2.76 × 10-2 min-1; the etched TiO2 spheres, 2.17 × 10-2 min-1; the irregular TiO2 product, 0.86 × 266 
10-2 min-1). The good photocatalytic activity of the hierarchical TiO2 structures is associated with the 267 
hollow structures with bimodal mesopore size distribution and relatively large BET surface areas. 268 
Xiang et al. synthesized a kind of hierarchical flower-like TiO2 superstructures by alcohothermal 269 
treatment method [50]. The superstructures were consisted by anatase TiO2 nanosheets with 87% 270 
exposed (001) facets. Photocatalytic oxidative decomposition of acetone was evaluated in air under 271 
UV light. The results show that the photocatalytic activity of the flower-like TiO2 superstructures 272 
was better than that of P25 and tubular shaped TiO2 particles. The synergetic effect of highly 273 
exposed (001) facets hierarchically porous structure, and the increased light-harvesting capability is 274 
responsible for the enhanced photocatalytic ability. 275 

Besides the exposed high energy facets, the introduction of suitable defect structures in TiO2 276 
materials can obviously influence the light absorption and the separation of photogenerated 277 
electron-hole pairs [51-53]. Cao et al. fabricated mesoporous black TiO2 spheres with high 278 
crystallinity by a facile evaporation-induced self-assembly method combined with a mild 279 
calcinations after an in-situ hydrogenation under an argon atmosphere [51]. The results indicated the 280 
prepared sample was uniform mesoporous black spheres with Ti3+ and N co-doping. The 281 
visible-light-driven photocatalytic degradation ratio of methyl orange was up to 96%, which was 282 
several times higher than that of pristine TiO2 material. The excellent photocatalytic activity was due 283 
to Ti3+ and N doping, which resulted in high visible light utilization and enhanced separation of 284 
photogenerated charge carriers, and the mesoporous network structures.  285 

Generating interface structures by depositing plasmonic-metal nanostructures (Ag, Pt, Au, etc) 286 
on TiO2 materials can increases the generation rate of energetic charge carriers and result in a higher 287 
probability of redox reactions [54-57]. By using successive ion layer adsorption and reaction, Shuang 288 
et al. synthesized TiO2 nanopillar arrays with both Au and Pt nanoparticles (~ 4 nm) decoration [54]. 289 
Due to the electron-sink function of Pt and surface plasmon resonance of Au nanoparticles, the 290 
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charge separation of photoexcited TiO2 was improved. The obtained Au/Pt nanoparticles decorated 291 
TiO2 nanopillar arrays showed much higher visible and UV light absorption response, which leaded 292 
to remarkably enhanced photocatalytic activities the degradation of methyl orange.    293 

3.1.2. Photocatalytic hydrogen evolution 294 

Hydrogen energy is one of the most promising green fuels. Since the first discovery of 295 
photoelectrochemical water splitting by Fujishima and Honda in 1972, hydrogen production directly 296 
from water and sunlight on semiconductor materials has been intensively investigated [3]. Although 297 
numerous semiconductor materials have been explored as photocatalysts to produce hydrogen, TiO2 298 
remains one of the most studied material for photocatalytic H2 evolution due to the main merits of 299 
nontoxic and chemical stability.  300 

The morphology of TiO2 nanostructures, especially those with highly reactive exposed facets, 301 
are related to the photocatalytic activity enhancement. For example, Wu et al. synthesized 302 
mesoporous rutile TiO2 single crystal with wholly exposed {111} facets by a seeded-template method. 303 
Fluoride ions in the solution played an important role in stabilizing the high energy facet {111} of 304 
rutile TiO2 [58]. The ratios of exposed {110} and {111} facets can be controlled by by tuning the 305 
concentration of fluoride ions. The mesoporous single crystal rutile TiO2 with wholly exposed {111} 306 
reactive facets exhibited a greatly enhanced photocatalytic hydrogen generation. Zhang et al. 307 
demonstrated that the TiO2 single crystal with a novel four-truncated-bipyramid morphology can be 308 
synthesized by a facile hydrothermal reaction [59]. The resultant photocatalyst exhibited excellent 309 
hydrogen evolution activity from ethanol-water solution. The exposure of both high-energy {001} 310 
oxidative and low-energy {101} reductive facets in an optimal ratio are thought to be the key factors 311 
for the high photocatalytic activity. In another example, anatase TiO2 nanoplates with exposed (001) 312 
facet were converted from the NH4TiOF3 nanoplates [60]. The obtained compact TiO2 nanoplates 313 
exhibited a high H2-production rate of 13 mmolh-1g-1 with a H2-production quantum efficiency of 314 
0.93% at 365 nm.  315 

The influence of defect structures in TiO2 materials on photocatalytic H2-evolution is 316 
complicated. For one thing, the defects could introduce additional states in the band gap, which 317 
cause the recombination of carriers and the weaken of carriers’ oxidation and reduction capacities 318 
[61-64]. For another, subtly generating specific defects will facilitate the separating of the carriers. 319 
Recently, Wu et al. prepared yellow TiO2 nanoparticles with ultra-small size of ~3 nm [61]. Simulated 320 
solar light driven catalytic experiments showed that the evolved H2 for the yellow TiO2 was ~48.4 321 
μmolh-1g-1, which was ~3.7 fold comparing to that of the normal TiO2 (~13.1 μmolh-1g-1) at the same 322 
experimental conditions. It is suggested that the significantly improved H2-evolution activity can be 323 
attributed to the coexistence of titanium vacancies (acceptor) and titanium interstitials (donor) in the 324 
TiO2 materials, which is beneficial for the spontaneous separation of photo-generated charge-carriers. 325 
Compared to the complex steps that are required to accurately control of the defects, passivation of 326 
the defect states with elemental doping would be more direct. Recent works show that Mg doping 327 
could eliminate the intrinsic deep defect states and weaken the shallow defect states in TiO2 328 
materials [64]. The result was confirmed by the transient infrared absorption-excitation energy 329 
scanning spectroscopic measurement. The photocatalytic over-all water splitting measurements 330 
showed the H2 and O2 evolution rates can be as high as 850 and 425 molh-1g-1 under AM 1.5 G 331 
irradiation and the apparent quantum efficiency of 19.4% was achieved under 350 nm light 332 
irradiation. 333 

Rational creating hetero- or homo-interfaces in TiO2 materials is an efficient strategy to separate 334 
photogenerated carriers, improve visible and near-infrared photo-absorption, and thus achieve 335 
high-performance photocatalytic hydrogen evolution. Compared to the pure crystalline and 336 
amorphous TiO2 film, high electron concentration and mobility can be concurrently obtained at the 337 
homo-interface between crystalline and amorphous layers in a bilayer TiO2 thin film. Therefore, 338 
extraordinary properties could be explored in well-designed interfaces with homogeneous chemical 339 
composition. By creating a crystalline Ti3+ core/amorphous Ti4+ shell structure, Yang et al. 340 
successfully activated rutile TiO2 material with efficient photocatalytic hydrogen evolution 341 
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properties [65]. The average hydrogen evolution rate was enhanced from 1.7 for pure TiO2 to 268.3 342 
μmolh−1 for TiO2 with homointerface structures. The origin of the activation was attributed to the 343 
regulated the transport behaviors of holes and electrons from the bulk of a particle to the surface by 344 
suppressing the transport of electrons in the conduction band and facilitating the transport of holes 345 
in the valence band. In addition, hetero-interfaces between TiO2 materials and other semiconductor 346 
or metal nanostructures, including carbon, Si, NiO, ZnS, CdS, MoS2, MoC2, layered double 347 
hydroxides, and plasmonic metals, has been extensively investigated [66-72]. As an example, Wu et 348 
al. reported that anisotropic TiO2 overgrowth on Au nanorods can be obtained by selective spatial 349 
assembly and subsequent hydrolysis [66]. Plasmon-enhanced H2 evolution under 350 
visible/near-infrared light irradiation has been demonstrated. The Au nanorod-TiO2 interface with 351 
the Au nanorod sida exposed, as a Schottky junction, can filter out surface plasmon resonance hot 352 
electrons from the Au nanorod, which is crucial to boosting the H2 evolution performance.    353 

3.1.3. Photocatalytic CO2 Reduction 354 

Due to the increasing consumption of conventional fossil fuels, the concentration of greenhouse 355 
gas, especially CO2, steadily grows over years. Solar-light-driven reduction of CO2 to useful chemical 356 
fuels (such as CH4, HCO2H, CH2O, and CH3OH) is a promising solution for the serious 357 
environmental and energy problems. In the process of photocatalytic CO2 reduction, typical steps 358 
including adsorption of CO2, generation of electron-hole pair, separation and migration of 359 
electron-hole pair, and the reduction of CO2 are involved. Since CO2 molecules are highly stable, 360 
only the electrons with sufficient reduction potential can be utilized to trigger CO2 reduction 361 
reactions, and suitable photocatalyst is required to decrease the high reaction barrier. Among a wide 362 
range of metal and semiconductor photocatalysts for CO2 reduction, TiO2 materials has attracted 363 
much attention due to the advantageous of high reduction potential, low cost and high stability. The 364 
activity, selectivity, and durability of TiO2 photocatalysts for CO2 reduction is related to the 365 
efficiency of electron-hole separation and light utilization ability, which are very sensitive to the 366 
surface structure, atomic configuration and chemical composition of the photocatalysts. For example, 367 
metal or non-metal doping is an effective method to narrow the bandgap of TiO2 materials, which 368 
results in an extension of light absorption range from UV into visible light range. The doping of 369 
metal elements induces the substitution of titanium atoms and creating empty energy level below 370 
the conduction band, while the doping of non-metal elements by replacing the oxygen atoms in the 371 
TiO2 lattice yields additional energy level above the valance band. Different kinds of metals 372 
(transition, rare, alkali earth metals) have been studied as doping to improve the photocatalytic 373 
activity for CO2 reduction [73-75]. Compared to the metal doping method, which usually suffers 374 
from photocorrosion problem, non-metal (carbon, nitrogen, iodine, sulfur, etc) doping has attracted 375 
more attention [76]. However, a large amount of non-intrinsic defects often generated during the 376 
doping and created electron-hole recombination centers at the same time. Herein, we mainly focus 377 
on surface/interface modification to enhance the performance of TiO2 photocatalysts towards CO2 378 
reduction. 379 

Yu et al. investigated the effect of different exposed facets of anatase TiO2 crystals on the 380 
photocatalytic CO2 reduction activity [45]. By using a simple fluorine-assisted hydrothermal method, 381 
they synthesized anatase TiO2 with different ratios of the exposed {101} and {001} facets. The results 382 
showed that the photocatalytic activity of the anatase TiO2 with the optimized ratio of exposed {001} 383 
to {101} facet (55:45) was ~4 times higher than that of P25 powder. They ascribed the enhancement to 384 
a concept of ‘surface heterojunction’, which driven electron and hole to the {101} and {001} facets (the 385 
electron-hole separation) based on the band alignment. It is worth mentioning that surface atomic 386 
and defect structures on different facets should also contribute the photocatalytic CO2 reduction 387 
processes. Truong et al. synthesized rutile TiO2 nanocrystals with exposed high-index facets through 388 
solvothermal reaction by using a water-soluble titanium-glycolate complex as a precursor [77]. 389 
Structural characterizations showed that each branched nanocrystal was bound by 4 facets of 390 
high-index {331} facets, and rutile {101} twinned structures were formed in the boundary of branches. 391 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 October 2017                   doi:10.20944/preprints201710.0002.v1

Peer-reviewed version available at Nanomaterials 2017, 7, 382; doi:10.3390/nano7110382

http://dx.doi.org/10.20944/preprints201710.0002.v1
http://dx.doi.org/10.3390/nano7110382


10 of 26 

 

The photocatalytic CO2 reduction to methanol showed a significantly higher activity was achieved in 392 
the synthesized nanostructures due to the abundant surface defects on the high energy facts. 393 

Generating oxygen vacancies is effective to modulate the electronic/optical properties and thus 394 
optimize diverse applications of metal oxides. Generally, bulk oxygen vacancies formed a middle 395 
sub-band in the forbidden gap, which made TiO2 response to the visible light, and those bulk oxygen 396 
vacancies also acted as the electron-hole recombination centers. The surface oxygen vacancies not 397 
only showed a strong response to the visible light, but also acted as the capture traps to inhibit 398 
electrons-holes recombination. By adjusting the the concentration ratio of the surface and bulk 399 
oxygen vacancies, it is possible to improve the photocatalytic efficiency of TiO2 nanostructures. Li et 400 
al. compared the effects of oxygen vacancies in TiO2 nanocrystals on the photoreduction of CO2 [47]. 401 
By choosing the precursors and post-treatment conditions, they obtained three kinds of TiO2 402 
materials with different oxygen vacancies, i.e., TiO2 with surface oxygen vacancies (TiO2-SO), TiO2 403 
with bulk single-electron-trapped oxygen vacancies (TiO2-BO), and TiO2 with mixed vacancies 404 
(TiO2-SBO). By analyzing the lifetime and intensity by positron annihilation, the efficiency of 405 
photocatalytic CO2 reduction improved with the increase of the ratio of surface oxygen vacancies to 406 
bulk ones. The results revealed the critical role of surface/bulk defects in photocatalytic properties.  407 

Similar with the case of photocatalytic hydrogen evolution, creating metal- or semiconductor- 408 
TiO2 interface via different post-deposition or in-situ forming methods has been demonstrated to be 409 
effective to improve the light harvesting and the separation of charged carriers, which are also 410 
important for the photoreduction of CO2. Specifically, Schottky barrier can be formed when the 411 
Fermi level of the deposited metals are lower than the conductor band of the TiO2 materials, which is 412 
favorable for the spatial separation of electron-hole pairs. Platinum, which possesses suitable work 413 
function, is one of the most commonly used metal co-catalyst to improve the CO2 reduction 414 
performance of TiO2 photocatalysts. However, worldwide limited source and consequent high price 415 
of platinum seriously hinder the large scale applications. The deposition of plasmonic 416 
nanostructures of metals such as silver and gold on TiO2 materials has been extensively studied due 417 
to the surface plasmon resonance (SPR) effect, which shows important role in improving the 418 
photocatalytic activity for CO2 reduction. 419 

3.2. Lithium/Sodium Ion Batteries 420 

Rechargeable lithium ion battery is one of the most important energy storage devices for 421 
portable electronics and hybrid/electric vehicles. The overall performance of lithium ion batteries is 422 
highly dependent on the inherent properties of the electrode materials. Among many potential 423 
electrode candidates, titanium dioxides with typical phase structures (anatase, rutile, brookite, 424 
TiO2(B)) have attracted much attention due to the abundance of raw materials and environmental 425 
benignity. Although the theoretical specific capacity of titanium dioxides (335 mAhg-1, according to 426 
the electrochemical reaction TiO2 + xLi + xe � LixTiO2 with the maximum insertion coefficient x 427 
determined to be ~0.96) is comparable to that of commercial graphite (372 mAhg-1), these materials 428 
possess a higher operating voltage platform than that of graphite, which is favorable for inhibiting 429 
the formation of lithium dendrite and solid-electrolyte interphase (SEI) layer. Moreover, the minor 430 
volume variation during cycling ensures a good cycling stability. It should be noted that the intrinsic 431 
poor electronic conductivity and sluggish lithium ion diffusion limit the high-rate performance of 432 
these materials. The size, shape, composition, and assembly of TiO2 anodes are intensively 433 
investigated to optimize the lithium storage properties. 434 

Recent works also show that nanoscale surface/interface design in TiO2 nanostructures is 435 
beneficial for improving energy density, capacity retention, and rate capability (Table 1), which are 436 
ascribed to the large surface area, numerous active sites, short mass and charge diffusion distance, 437 
and efficient accommodation of volume changes during charging and discharging process. For 438 
example, theoretical and experimental results demonstrated that lithium insertion was favored on 439 
the high-energy {001} surface of anatase TiO2, which has a more open structure and short path for 440 
lithium ion diffusion along this direction. Since the important breakthrough in preparation of anatase 441 
TiO2 single crystals with exposed {001} facets achieved by Yang et al., extensive studies have been 442 
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reported on the synthesis of TiO2 anodes with exposed {001} facets [78]. However, most of these 443 
anatase TiO2 are crystals with two-dimensional sheetlike, which make the sheets easily over-lap with 444 
each other to reduce the overall surface energy. Preventing the aggregation of these crystals with 445 
large amount of exposed {001} facets is a big challenge. By using a simple one-pot solution method, 446 
we successfully obtained 3D anatase TiO2 hollow microspheres assembled with high-energy {001} 447 
facets (Figure 6a) [79]. In the synthesis, a mixture containing Ti powder, deionization water, 448 
hydrogen peroxide, and hydrofluoric acid was subjected to hydrothermal treatment at 180 oC. The 449 
addition of hydrofluoric acid and hydrogen peroxide is critical for the formation of {001} facet 450 
assembly. The Bruauer–Emmett–Teller (BET) specific surface area of the product is ca. 43.3 m2 g-1. 451 
The isotherm corresponding to the product is of type IV with two capillary condensation steps, 452 
implying bimodal pore size distributions in the mesoporous and macroporous regions. The 453 
as-prepared sample shows good cyclic capacity retention during cycling. A reversible capacity of 157 454 
mAhg-1 can be retained after 50 cycles with about 75% retention as compared with the first reversible 455 
capacity. Rate performance test show that after the first 10 cycles at the rate of 1 C (1 C = 335 mAhg-1), 456 
the discharge capacity reaches about 156 mAhg-1, and then it slightly reduces to 135 and 130 mAhg-1 457 
at rates of 2 and 5 C, respectively. Even for a rate as high as 10 C, the electrode can deliver a 458 
reversible capacity of 90 mAhg-1. When the current rate is returned to the initial value of 1 C, the 459 
electrode resumes its original capacity of about 150 mAhg-1 after 10 cycles. 460 

Although rutile phase is most thermodynamically stable which can easily be obtained at higher 461 
temperatures, bulk rutile TiO2 is demonstrated to be unfavorable for the intercalation of Li ions. 462 
Comparing to its bulk counterpart, nanoscale rutile TiO2 particles show a much higher 463 
electroactivity towards lithium insertion at room temperature. However, the particle aggregation 464 
associated with the Li insertion and extraction processes are common problems during the practical 465 
use of rutile TiO2 in lithium ion batteries. Unsatisfactory electrochemical performance caused by 466 
kinetic limitations also impedes its applications. To improve the lithium storage properties of rutile 467 
TiO2 anodes, the synthesis of nanostructured materials with suitable surface/interface configurations 468 
and improved conductivity has been shown to be an effective approach to overcome the above 469 
limitations. We synthesized rutile TiO2 nanoparticles by a facile solution and subsequent thermal 470 
annealing method (Figure 6b) [35]. Each particle surface was etched to form pits with average size of 471 
2–5 nm (quantum pits). Compared to the nanoparticles with other morphology, the obtained rutile 472 
TiO2 nanoparticles with quantum pits (QP-TiO2 NPs) possessed more unsaturated bond and other 473 
defect structures, such as terraces, steps, and kinks, which provided more active sites for lithium 474 
ions storage and enhance the conductivity. As a consequence, the yielded QP-TiO2 NPs exhibited a 475 
maximum specific capacity of 145mAhg-1 at a current density of 0.5 C with outstanding 476 
charge/discharge rate capability (102 mAhg-1 at 5 C) and good cycling performance, demonstrating a 477 
great potential as anode materials for lithium ion battery applications. 478 

Table 1. Performance comparison of some lithium ion batteries and sodium ion batteries  479 
based on typical TiO2 anodes (the voltage is versus Li+/Li or Na+/Na). 480 

Material/[Ref.] 
Capacity (cycles) 

(mAhg-1) 

Rate capability 

(mAhg-1) 

Voltage  

(V) 

TiO2 Microboxes [80] 187 (300)@170 mAg-1 63@3400 mAg-1 1-3/Li 

Rutile TiO2 inverse opals [81] 95 (5000)@450 mAg-1 - 1-3/Li 

Faceted TiO2 Crystals [82] 141.2 (100)@170 mAg-1 29.9@1700 mAg-1 1-3/Li 

Nanosheet-Constructed TiO2–B [83] 200 (200)@3350 mAg-1 216@3350 mAg-1 1-3/Li 

TiO2 hollow microspheres [79] 157 (50)@170 mAg-1 90@1700 mAg-1 1-3/Li 

rutile TiO2 nanostructures [84] 190 (200)@102 mAg-1 84.5@1700 mAg-1 1-3/Li 

nest-like TiO2 hollow microspheres [85] 152 (100)@1020 mAg-1 130@3400 mAg-1 1-3/Li 

Co3O4 NPs@TiO2(B) NSs [86] 677.3 (80)@100 mAg-1 386@1000 mAg-1 0.01-3.0/Li 

TiO2-B@VS2 nanowire arrays [87] 365.4 (500)@335 mAg-1 171.2@3350 mAg-1 0.01-3.0/Li 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 October 2017                   doi:10.20944/preprints201710.0002.v1

Peer-reviewed version available at Nanomaterials 2017, 7, 382; doi:10.3390/nano7110382

http://dx.doi.org/10.20944/preprints201710.0002.v1
http://dx.doi.org/10.3390/nano7110382


12 of 26 

 

Nb-Doped Rutile TiO2 Mesocrystals [88] 141.9 (600)@850 mAg-1 96.3@6800 mAg-1 1-3/Li 

TiO2@defect-rich MoS2 nanosheets [89] 805.3 (100)@100 mAg-1 507.6@2000 mAg-1 0.005-3.0/Li 

MoS2-TiO2 based composites [90] 648 (400)@1000 mAg-1 511@2000 mAg-1 0.005-3.0/Li 

macroporous TiO2 [91] 181 (1000)@1700 mAg-1 69@12.5 Ag-1 1-3/Li 

porous TiO2 hollow microspheres [92] 216 (100)@170 mAg-1 112@1700 mAg-1 1-3/Li 

porous TiO2(B) nanosheets [93] 186 (1000)@1675 mAg-1 159@6700 mAg-1 1-3/Li 

graphene supported TiO2(B) sheets [94] 325 (10000)@500 mAg-1 49@40 Ag-1 1-3/Li 

mesoporous TiO2 coating on carbon [95] 210 (1000)@3400 mAg-1 150@10.2 Ag-1 1-3/Li 

Ti3+-free three-phase Li4Ti5O12/TiO2 [96] 136 (1000)@4000 mAg-1 155.6@8 Ag-1 1.0-2.5/Li 

TiO2-Sn@carbon nanofibers [97]  413 (400)@100 mAg-1 - 0.01-2.0/Na 

Double-walled Sb@TiO2-x nanotubes [98] 300 (1000)@2.64 Ag-1 312@13.2 Ag-1 0.1-2.5/Na 

Carbon-coated anatase TiO2 [99] 180 (500)@1675 mAg-1 134@3.35 Ag-1 0.05-2.0/Na 

Nanotube arrays of S-doped TiO2 [100]  136 (4400)@3350 mAg-1 167@3350 mAg-1 0.1-2.5/Na 

Amorphous TiO2 inverse opal [101] 203 (100)@100 mAg-1 113@5 Ag-1 0.01-3.0/Na 

Petal-like rutile TiO2 [102] 144.4 (1100)@837.5 mAg-1 59.8@4187 mAg-1 0.01-3.0/Na 

Yolk-like TiO2 [103] 200.7 (550)@335 mAg-1 90.6@8375 mAg-1 0.01-3.0/Na 
 481 

 482 

Figure 6. Typical TiO2 anodes and their lithium storage properties: (a) 3D anatase TiO2 hollow 483 
microspheres assembled with high-energy {001} facets (reprinted from [79] with permission, 484 
Copyright The Royal Society of Chemistry, 2012); (b) Rutile TiO2 nanoparticles with quantum pits 485 
(reprinted from [35] with permission, Copyright The Royal Society of Chemistry, 2016); (c) Brookite 486 
TiO2 nanocrystalline (reprinted from [105] with permission, Copyright The Electrochemical Society, 487 
2007); (d) bunchy hierarchical TiO2(B) structure assembled by porous nanosheets (reprinted from [93] 488 
with permission, Copyright Elsevier Ltd., 2017); (e) Ultrathin anatase TiO2 nanosheets embedded 489 
with TiO2(B) nanodomains (reprinted from [107] with permission, Copyright John Wiley & Sons, 490 
2015). 491 
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Among the different TiO2 polymorphs investigated, a severe capacity fading was noted for the 492 
brookite phase, although it exhibited nearly one mole of reversible lithium insertion/extraction in its 493 
nanostructured form [104]. There has not been extensive research focused on developing such an 494 
anode. Reddy et al. demonstrated intercalation of lithium into brookite TiO2 nanoparticles (Figure 6c). 495 
Electrochemical test and ex-situ XRD studies showed that the structure was stable for lithium 496 
intercalation and deintercalation although the intercalation/deintercalation mechanism was not clear. 497 
Cycling performance of brookite TiO2 performed at C/10 rate in the voltage window 1.0–3.0 V 498 
showed that the capacity was gradual loss during initial 10 cycles and the capacity is fairly stable at 499 
170 mAhg-1 on further cycling. In contrast to other TiO2 polymorphs, TiO2(B) phase possesses 500 
relatively more open crystal structure, which allows the facile insertion/extraction of lithium ions. 501 
Moreover, a lower operating potential (~ 1.55 V vs. Li) compared to the anatase TiO2 (~ 1.75 V vs. Li), 502 
an improved reversibility, and a high rate capability make TiO2(B) phase a promising candidate for 503 
lithium storage. Li et al. reported on the orderly integration of porous TiO2(B) nanosheets into 504 
bunchy hierarchical structure (TiO2(B)-BH) via a facile solvothermal process (Figure 6d). Benefiting 505 
from the unique structural merits, TiO2(B)-BH exhibited high reversible capacity, long-term cycling 506 
stability (186.6 mAhg-1 at 1675 mAg−1 after 1000 cycles) and desirable rate performance. 507 

Recently, Jamnik and Maier proposed that it was possible to storage additional lithium at the 508 
interface of nanosized electrodes, which included solid–liquid (electrode-electrolyte) interface and 509 
solid–solid interface between the electrodes (Figure 6e) [106,107]. The interfaces can accommodate 510 
additional Li ions, leading to a rise of total Li storage. Meanwhile, an additional synergistic storage is 511 
favored if the electrode material is made of a lithium ion-accepting phase and an electron-accepting 512 
phase which is benefit for charge separation (“Job-sharing” mechanism). Along this line, Wu et al. 513 
synthesized a new kind of microsphere constructed by ultrathin anatase nanosheets embedded with 514 
TiO2(B) nanodomains, which contained a large amount of interfaces between the two phases [107]. 515 
The hierarchical nanostructures show capacities of 180 and 110 mAhg-1 after 1000 cycles at current 516 
densities of 3400 and 8500 mAg-1. The ultrathin nanosheet structure which provides short lithium 517 
diffusion length and high electrode/electrolyte contact area also accounts for the high capacity and 518 
long-cycle stability. This study highlights the importance of smart design the interface structures in 519 
the nanoelectrodes. 520 

Although the development and commercialization of lithium ion batteries have achieved great 521 
success in the past years, one severe drawback of lithium ion batteries is the limited lithium resource 522 
in the Earth’s crust and its uneven geographical distribution. In this regard, sodium ion batteries 523 
have attracted particular attention due to the obvious advantageous including high earth-abundance 524 
of sodium, and lower cost vs. lithium ion batteries. In addition, the sodium chemistry is similar as 525 
the case of lithium, so the previously established surface/interface engineering strategies for 526 
titanium dioxides electrode design in lithium ion batteries system can be transferred to and expedite 527 
the odium ion battery studies. Longoni et al. systematically studied the role of different exposed 528 
crystal facets of the anatase nanocrystals on the sodium storage properties [24]. By employing a 529 
surfactant-assisted solvothermal route, they synthesized anatase TiO2 nanostructures with three 530 
different morphologies (Rhombic elongated (RE), rhombic (R), and nanobar (NB)), which showed 531 
obvious differences in crystal face type exposition. Their electrochemical performance results 532 
together with theoretical analysis showed that an overcoordinated state of Ti atoms on the crystal 533 
surface (low energy density (101) facets of NB and R moieties) strongly inhibits the sodium uptake, 534 
while a Goldilocks condition seems to occur for crystalline faces with intermediate energy densities, 535 
like (100) in RE. Zhang et al. reported a smart design of the assembly and interface of rutile TiO2 and 536 
fewer layer graphene by using carbon dots as designer additives [102]. The resultant graphene-rich 537 
petal-like rutile TiO2 showed outstanding sodium-storage properties. At a rate of 0.25 C (83.75 mAg-1) 538 
after 300 cycles, a high capacity of 245.3 mAhg-1 was achieved, even at a high current density of 12.5 539 
C (4187.5 mAg-1), a considerable capacity of 59.8 mAhg-1 can still be maintained. Notably, the 540 
reversible capacity up to 1100 cycles at a current density of 2.5 C (837.5 mAg-1) can still reach 144.4 541 
mAhg-1; even after 4000 cycles at 10 C (3350 mAg-1), a capacity retention of as high as 94.4% is 542 
obtained. Zhang et al. demonstrated the positive function of oxygen vacancies in TiO2(B) nanobelts 543 
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for the enhancement of sodium storage [108]. The sample displayed the significantly superior 544 
sodium-storage properties, including a higher capacity (0.5 C; 210.5 mAhg-1 vs 102.7 mAhg-1), better 545 
rate performance (15 C; 89.8 vs 36.7 mAhg-1), compared to those of pristine TiO2(B) electrodes 546 
without oxygen vacancies. 547 

3.3. Li-S Batteries 548 

Li-S batteries possess exceptionally high theoretical energy densities ~2600 Wh·kg-1 vs. 580 549 
Wh·kg-1 of today’s best batteries. Li-S batteries contain low cost materials, sulfur is highly abundant, 550 
and the anode consists of lithium metal and does not limit the capacity. Today’s Li-S technology fails 551 
short in energy density and lifetime because of the limited sulfur loading that can be achieved in the 552 
cathode, due to the poor conductivity of sulfur deposits, because of the solvation into the electrolyte 553 
of the discharge products (i.e. LixSy polysulfides), and finally because of the large volume expansion 554 
of sulfur during the battery cycling affecting the cathode integrity. 555 

Cathodes with high surface area and high electronic conductivity are crucial to improve sulfur 556 
loading and rate performance of Li-S batteries. The polysulfides “shuttle” phenomena, via the 557 
solvation of the polysulfides in the electrolyte, gradually decreases the mass of active material, 558 
leading to continuous fading in capacity and must be avoided. Therefore, the candidate cathodes 559 
should have porous and conductive nature as well as suitable interactions with polysulfides 560 
simultaneously. To overcome those obstacles, a wide range of strategies have been developed, 561 
including encapsulation or coating of the sulfur electrode, use of impermeable membranes, and/or 562 
use of electrolytes that minimize the solubility and diffusivity of the polysulfides. However, none of 563 
these solutions has led to acceptable results, fulfilling all the requirements. For example, the main 564 
disadvantage of widely used porous conductive carbon electrodes lies in weak physical confinement 565 
of lithium sulfides, which is insufficient to prevent the diffusion and shuttling of polysulfides during 566 
long-term cycling. Therefore, ideal electrodes should not only possess porous and conductive nature, 567 
but also suitable interactions with polysulfides. 568 

 569 

 570 

Figure 7. The interaction between sulfur or lithium polysulphides and electrodes. (a) On reduction 571 
of S8 on a carbon host, Li2SX desorb from the surface and undergo solution-mediated reactions 572 
leading to broadly distributed precipitation of Li2S; (b) On reduction of S8 on the metallic polar 573 
Ti4O7, Li2SX adsorb on the surface and are reduced to Li2S via surface-mediated reduction at the 574 
interface (reprinted from [109] with permission, Copyright Nature Publishing Group, 2014); 575 
Adsorption configuration of (c, d) Li-S* and (e, f) Li2S on the (c, e) anatase-TiO2 (101) surface and (d, 576 
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f) rutile-TiO2 (110) surface (reprinted from [110] with permission, Copyright The Royal Society of 577 
Chemistry, 2016). 578 

On a typical carbon support (Figure 7a), elemental sulfur undergoes reduction to form lithium 579 
polysulphides that then dissolve into the electrolyte. In the presence of a polar metal oxide as 580 
witnessed for titanium oxides, however, the solvation of the polysulfides is significantly affected 581 
(Figure 7b). Not only is the concentration of polysulphides in solution that greatly diminished 582 
during discharge but also a slow, controlled deposition of Li2S is observed. The results are ascribed 583 
to the interface-mediated, spatially controlled reduction of the polysulphides. Yu et al. studied the 584 
interactions between intermediate polysulphides, final discharge product Li2S and stable TiO2 585 
surface (anatase-TiO2 (101), rutile-TiO2 (110)) via theoretical simulation (Figure 7c-f). Their results 586 
show that the binding strength of the polysulphides to the anatase-TiO2 (101) surface (2.30 eV) is a 587 
little higher than to rutile-TiO2 (110) surface (2.18 eV), and the binding energy of Li2S to the 588 
anatase-TiO2 (101) surface (3.59 eV) is almost the same as with the rutile-TiO2 (110) surface (3.62 eV). 589 
The values are larger than the adsorption binding energies for Li-S composites on graphene (< 1 eV), 590 
highlighting the efficacy of TiO2 in binding with polysulfide anions via polar–polar interactions. 591 

 592 

Figure 8. Schematic illustration of the synthesis process and electrochemical properties of 593 
TiO@C-HS/S composites. (a) Nyquist plots before cycling from 1 MHz to 100 mHz, (b) the 594 
second-cycle galvanostatic charge/discharge voltage profiles at 0.1 C, (c) cycle performances at 0.1 C, 595 
(d) rate capabilities and (f) the potential differences between the charge and discharge plateaus at 596 
various current densities of the TiO@C-HS/S, TiO2@C-HS/S, TiO2-x@C-NP/S, C-HS/S and TiO2-NP/S 597 
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electrodes. (e) Voltage profiles at various current densities from 0.1 to 2 C and (g) prolonged cycle life 598 
and Coulombic efficiency at 0.2 and 0.5C of the TiO@C-HS/S electrode. (h) Areal capacities and (i) 599 
voltage profiles at various current densities from 0.335 (0.05 C) to 1.34 mAcm-2 (0.2 C) of the 600 
TiO@C-HS/S electrode with high sulfur mass loading of 4.0 mgcm-2 (reprinted from [25] with 601 
permission, Copyright Nature Publishing Group, 2016). 602 

Experimentally, Cui et al. designed an unique sulfur-TiO2 yolk-shell nanoarchitecture as a sulfur 603 
cathode, and achieved an initial specific capacity of 1030 mAhg-1 at 0.5 C (1 C=1673 mAg-1) and 604 
Coulombic efficiency of 98.4% over 1000 cycles [111]. Impressively, the capacity decay at the end of 605 
1,000 cycles is found to be as small as 0.033% per cycle (3.3% per 100 cycles). The excellent properties 606 
were ascribed to the yolk–shell morphology which accommodates the large volumetric expansion of 607 
sulfur during cycling, thus preserves the structural integrity of the shell to minimize polysulphide 608 
dissolution. Based on the knowledge of chemical interactions between polysulphides and titanium 609 
oxides, a wide range of methods have been performed to optimize configuration of sulfur-titanium 610 
oxide cathodes. Typical examples include design and synthesis of porous titanium oxides 611 
high-surface area, crystalline facts engineering, conductivity enhancement by adding conductive 612 
agents (such as carbon fibers, graphene, conductive polymers) into the titanium oxide 613 
nanostructures or through annealing in inert/H2 atmosphere. In this regard, Lou et al. synthesized a 614 
sulfur host containing titanium monoxide@carbon hollow nanospheres (TiO@C/S), which possess 615 
the key structural elements (i.e., high surface area, conductive, interactions with polysulfides) 616 
required for high-performance cathodes simultaneously (Figure 8) [25]. The TiO@C/S composite 617 
cathode delivered high discharge capacities of 41100 mAhg-1 at 0.1 C, and exhibited stable cycle life 618 
up to 500 cycles at 0.2 and 0.5 C with a small capacity decay rate of 0.08% per cycle. The Li-S batteries 619 
performance based on typical titanium oxides are summarized in Table 2. 620 

Table 2. Comparison of Li-S batteries performance based on typical titanium oxides electrode  621 
(the voltage is versus Li+/Li). 622 

Material/[Ref.] 

Capacity (cycles) 

(mAhg-1) 

Rate capability 

(mAhg-1) 

Sulfur 

loading 

(%) 

Voltage  

(V) 

TiO2-porous carbon nanofibers [112] 618 (500)@1675 mAg-1 668 @8.375 Ag-1 55 1.7-2.6 

TiO2-carbon nanofibers [113] 694 (500)@1675 mAg-1 540 @3.35 mAg-1 68.83 1.7-2.8 

TiO2/graphene [114] 630 (1000)@3350 mAg-1 535 @5.025 Ag-1 51.2 1.6-2.8 

TiO2/N-doped graphene [110] 918 (500)@1675 mAg-1 833 @6.7 Ag-1 59 1.7-2.8 

Porous Ti4O7 particles [115] 989 (300)@167.5 mAg-1 873 @1.675 Ag-1 50-55 1.8-3.0 

TiO@carbon [25] 750 (500)@335 mAg-1 655 @3.35 Ag-1 ~70 1.9-2.6 

S–TiO2 yolk–shell [111] 1030 (1000)@837 mAg-1 630 @3.35 Ag-1 62 1.7-2.6 

Polypyrrole/TiO2 nanotube arrays [116] 1150 (100)@167.5 mAg-1 - 61.93 1.8-3.0 

Graphene-TiO2 NPs [117] 663 (100)@1675 mAg-1 - 75 1.7-2.8 

TiO2 nanowire/graphene [118] 1053 (200)@335 mAg-1 - 60 1.5-2.8 

graphene/TiO2/S [119] 597 (100)@1675 mAg-1 - 60 1.5-3.0 

Ti4O7/S [109] 1070 (500)@3350 mAg-1 - 70 1.8-3.0 

4. Phase Stability of TiO2 Nanostructures  623 

As a kind of chemically stable and environmentally compatible metal oxides, TiO2 624 
nanostructures show fantastic physical/chemical properties and find many practical applications 625 
ranging from energy conversion and storage as mentioned above and others. The properties and 626 
applications are determined by the structures of TiO2 materials, which is related to the external 627 
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(temperature, pressure, environment, etc) and internal (composition, stain, etc) factors. Overall, the 628 
relative phase stability in ambient bulk form is TiO2(B) < anatase < brookite < rutile, and the specific 629 
phase shows its unique applications. For example, anatase has been found to be the most active 630 
phase in photocatalysis. TiO2(B) phase is more favorable for the insertion/extraction of lithium ions 631 
due to the more open crystal structure compared to the other TiO2 phases. Therefore, it is of 632 
importance to understand the phase transformation on nanoscale and improve the phase stability of 633 
the related TiO2 nanostructures. General thermodynamic investigation, computational methods 634 
(including molecular dynamics simulations and DFT calculations), experimental routes (XRD, 635 
calorimetry, electrochemical measurements, etc.) have been successfully employed to study the 636 
phase stability and coarsening kinetics of the typical TiO2 phases under different environment (dry, 637 
wet, hydrothermal conditions) [120]. Several excellent reviews describing the topics are available 638 
elsewhere, and we do not discuss in this paper.  639 

With the decreasing of the size or dimension, surface and/or interface will dominate in the 640 
nanostructure and play an important role in phase stability. Due to the nature of coordination 641 
unsaturation, the atoms at the surface are more active than those within the interior. Therefore, 642 
surfaces usually exhibit a lower stability relative to the lattice interior part. For example, the melting 643 
point of free-standing nanoarticles is remarkably depressed relative to that of bulk phase (T0). 644 
Stabilizing the surface atoms would be a way to improve the relative phase stability. Typically, when 645 
nanoparticles are properly coated by or embedded in a matrix with higher melting point, the melting 646 
point of the particles can be elevated above T0. Herein, we focus on the strategies of surface/interface 647 
engineering to tune the phase stability in typical TiO2 nanostructures.       648 

We systematically studied the crystallization and structural transformation from anatase to 649 
rutile phase in the initial amorphous TiO2 nanowires embedded in anodic aluminum oxide with 650 
different diameters (20, 50, and 80 nm, termed as TiO2-20, TiO2-50, and TiO2-80 hereafter) [16]. 651 
Electron microscopy analysis and XRD results showed that the crystallization of TiO2-20, TiO2-50, 652 
and TiO2-80 from amorphous to anatase occurred at ~600 oC, ~500 oC and ~400 oC, and the 653 
transformation from anatase to rutile phase started at ~900 oC, ~800 oC and ~750 oC (Figure 9). The 654 
results revealed a strong size dependence of the thermal stability of TiO2 nanowires embedded the 655 
template. Control experiments on amorphous TiO2 powder showed the crystallization and phase 656 
transformation temperatures were ~200 oC and ~600 oC, respectively.  657 

 658 

 659 

Figure 9. Typical TEM images of the as-prepared and annealed TiO2 nanowires with diameters of 20, 660 
50, and 80 nm. The insets show corresponding SAED patterns (reprinted from [16] with permission, 661 
Copyright Springer, 2012). 662 
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To quantitatively study the nucleation and growth kinetics, in-situ X-ray diffraction technique 663 
was employed to track the transformation process from anatase to rutile phase. Taken TiO2-20 and 664 
TiO2 powder for typical examples, the transformed rutile phase showed an exponential growth 665 
versus annealing time t, and the growth of the rutile was a thermally activated process (Figure 10). 666 
The rutile growth activation energy (Eg) values of 2.8±0.2 eV and 1.6±0.2 eV were determined in TiO2-20 667 
and TiO2 power, respectively. Additionally, no obvious change of the rutile size was observed in the 668 
initial stage of the studied temperature range, indicating the increasing of the rutile volume fraction 669 
was induced by the nucleation events. By analyzing the dependence of nucleation rate on the 670 
annealing temperature, the rutile nucleation activation energy (En) values of 2.7±0.2 eV and 1.9±0.2 671 
eV were yielded for TiO2-20 and TiO2 power, respectively. The higher nucleation and growth energy 672 
for TiO2-20 implied  673 

 674 

Figure 10. Nucleation and growth kinetics of nanocrystalline anatase to rutile. Annealing time 675 
dependence of the size of the rutile in the (a) nanowire and (c) free-state powders at different 676 
temperatures; Annealing temperature variations of the nucleation rate NR and the growth saturation 677 
rate tE -1 for rutile in the (b) nanowire and (d) free-state powders, respectively (reprinted from [16] 678 
with permission, Copyright Springer, 2012). 679 

 680 
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 681 

Figure 11. Atomic evolution of the (1×n) reconstructions on anatase TiO2 (001) surface. (a) 682 
Sequential HRTEM images of the dynamic structural evolution, viewed from [010] direction, with 683 
the red arrows indicating the unstable states. (b) The statistical diagram of the locations of the TiOx 684 
rows with green and red lines indicating the stable states and the unstable states. (c) Side view of the 685 
proposed model for the unstable two-row state with the TiOx row shown as ball-and-stick (Ti, gray; 686 
O, red) on the TiO2 stick framework. The green and red arrows indicate the stable single-row and 687 
instable doublerow structures, respectively. (d,e) Experimental HRTEM image compared with the 688 
simulated image based on the model in (c). (reprinted from [121] with permission, American 689 
Chemical Society, 2016) 690 

the phase transformation from anatase to rutile was inhibited, i.e. the thermal stability of the anatase 691 
phase was improved. Our theoretical work showed the difference of thermal expansion coefficient 692 
between the nanoscale channel (aluminum oxide) and the embedded TiO2 nanowire generated 693 
overpressure on the TiO2/Al2O3 interface during annealing. The pressure can be estimated as ~0.13 694 
GPa at 900 oC for TiO2-20 sample. The pressure compressed the anatase surface and constrained the 695 
vibration of surface atoms, which were responsible for the improvement of the anatase phase. By 696 
choosing suitable surface layers and other coating techniques (such as Langmuir-Blodgett assembly, 697 
atomic layer deposition, etc), this surface/interface confinement strategy can also be used to improve 698 
the phase stability of other TiO2 polymorphs. For example, Zazpe et al. recently reported on a very 699 
obvious enhancement of the phase stability of selforganized TiO2 nanotubes layers with amorphous 700 
structure, provided by thin Al2O3 coatings of different thicknesses prepared by atomic layer 701 
deposition. TiO2 nanotube layers coated with Al2O3 coatings exhibit significantly improved thermal 702 
stability as illustrated by the preservation of the nanotubular structure upon annealing treatment at 703 
high temperatures (870 °C) [15]. 704 

Besides phase transformation among the different TiO2 polymorphs, surface atomic 705 
rearrangement (reconstruction) also occurs to achieve a more stable state at a certain environment 706 
(temperature, pressure, atmosphere, humidity, etc.). Remarkably different physical/chemical 707 
properties on the surface with respect to the bulk counterpart can be achieved by the reconstruction. 708 
Yuan et al. reported in-situ atomic scale environmental transmission electron microscopy 709 
observations of the formation and evolution of the (1 × 4) reconstruction dynamics on the anatase 710 
TiO2 (001) surface under oxygen atmosphere. The real-time dynamics for the transition from 711 
metastable (1 × 3) and (1 × 5) to (1 × 4) and the unstable intermediate states were observed and 712 
identified (Figure 11). The special reconstruction was driven by the lowly coordinated atoms and 713 
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surface stress. The results demonstrate the power of in situ real-time technique to study the dynamic 714 
formation and evolution of surface structures. 715 

5. Conclusions and Perspective 716 

Recent years witness explosive research and development efforts on TiO2 materials, ranging 717 
from controllable synthesis to advanced characterizations and device applications. Although the 718 
intrinsic properties such as wide bandgap, rapid carriers recombination, poor electronic 719 
conductivity, and coexistence of multiphases, hampered the practical applications of pristine TiO2 720 
materials to some extent, the surface/interface modifications have been demonstrated as effective 721 
routes to break the limitations, making it possible to be applied in diverse areas. This review article 722 
summarized the main progress in engineering the surface/interface structures in TiO2 723 
micro/nanostructures, discussed the effect of surface/interface structures on photocatalysis, 724 
lithium/sodium ion batteries, and Li-S batteries, and analyzed the phase transitions of TiO2 725 
nanostructures and possible strategies of improving the phase stability. Despite these impressive 726 
advances, several challenges still remain. 727 

(1) Developing novel synthesis and treatment methods. Despite great success has been 728 
obtained in the controllable synthesis of TiO2 nanostructures with tailored micro/nanostructures, 729 
there is still room for improvement in terms of quality of the products. Moreover, the new methods 730 
also provide opportunities to further understand the nucleation and growth. 731 

(2) Control of the fine structures. High-index facets and defect sites are chemical active. 732 
However, the synthesis of TiO2 nanocrystals with specific high-index facets is still a challenge. It is 733 
highly desirable to synthesize facet-controllable TiO2 materials and further study the facet effect on 734 
energy storage, conversion and other applications. In addition, selectively generating defect 735 
structures and controlling their concentrations in different TiO2 phases are significant to revel the 736 
role of defects in various physical and chemical processes. 737 

(3) In situ/operando study the dynamic evolution of the surface/interface. In situ/operando 738 
spectroscopic or microscopic studies afford the chance to probe the evolution of TiO2 739 
surface/interface structures in working conditions, which is crucial to study the complex phase 740 
transformation and device stability.            741 
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