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Abstract 

 

Design and Synthesis of TiO2-based 

Nanomaterials for Lithium-ion Storage and 

Catalytic Application 

 

Byoung-Hoon Lee 

School of Chemical & Biological Engineering 

Chemical Convergence for Energy & Environment 

Seoul National University 

  

 Titanium dioxide (TiO2) is one of the most studied and widely used 

metal oxide materials worldwide. Its popularity attributes to its many 

beneficial characteristics, such as environmental friendliness, cost-

effectiveness, and excellent material stability. Since its commercial 

production in the early twentieth century, it permeated the retail market 

through various products: sunscreens, white pigment, toothpastes, food 
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coloring and personal care products. TiO2 materials developed for these 

applications are on the micro-meter scale.  

 Interestingly, when the size of TiO2 particles becomes nanoscale, new 

properties appear that are absent on a larger scale. From the viewpoint of 

energy conversion and storage, the photocatalytic effect and lithium ion 

storage capacity are particularly attractive properties of nanosized TiO2 

particles. Despite the widely developed TiO2 industries, the application 

of TiO2 nanomaterials in energy storage and conversion are in their 

infancy. This is mainly because the processes involved in lithium ion 

storage and photocatalytic fuel generation are largely unknown in the 

nanoscale region. Systematic research on the underlying principles will 

provide an essential understanding, allowing the applications of TiO2 

nanomaterials to broaden. In addition, the previously developed, 

established infrastructures of the TiO2 industry will aid the growth of 

TiO2 nanomaterials. 

 In this regard, my Ph.D. thesis focuses on identifying the atomic scale 

mechanism involved in lithium storage and photocatalytic reactions of 

TiO2 nanomaterials. In the 1st chapter, I investigate previous, important 

studies that developed TiO2 as lithium storage materials and 

photocatalysts. Through this investigation, I identified several 
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conventional limits which the designed synthesis of TiO2 nanomaterials 

alleviates. Through the design and synthesis, I demonstrate how 

engineering TiO2 nanomaterials in the nanoscale can also change the 

overall mechanism involved in lithium storage (2nd chapter) and 

photocatalytic hydrogen evolution (3rd chapter).  

 Development of new industries, such as the electric vehicle and 

portable device, requires safe and high-performance battery materials. 

Thanks to its material stability, low cost, and non-toxicity, anatase TiO2 

recently received great interest as a potential substitute for graphite as 

the anode material of lithium ion batteries. Although the theoretical 

storage limit of anatase TiO2 (330 mAh g-1) is similar to that of graphite 

(374 mAh g-1), lithium storage in anatase TiO2 triggers phase transition 

to lithium titanate (Li0.55TiO2 and Li1TiO2). This reaction imposes a 

kinetic limit on lithium storage performance (~ 180 mAh g-1). In the 2nd 

chapter, I demonstrate how anatase TiO2 designed at the nanoscale can 

alleviate this issue. I found that the constituent nanocrystals in TiO2 

nanostructure can individually undergo sequential phase transition 

(anatase TiO2  Li0.55TiO2  Li1TiO2). This process can be stably 

maintained due to the stable interconnection inside the nanostructure. 

Through the design, I achieved a lithium storage capacity of 
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228 mAh g−1 over 100 cycles, which is significantly higher than the 

intrinsic kinetic limit of anatase TiO2. 

 In the 3rd chapter, I demonstrate that atomic-level cooperative 

interactions between supported single atoms and heterogeneous catalyst 

supports share fundamental similarities with their enzymes and 

homogeneous catalysts. The high activity and selectivity towards 

specific reactions on metalloenzymes originate in the precise atomic 

structure of their active site. Interactions between the metal cofactor and 

surrounding protein ligands in metalloenzymes can be precisely 

controlled and subsequently modulate overall enzyme-catalysis kinetics. 

In contrast, the structure of the active sites in a heterogeneous catalyst is 

often undefined, causing intrinsically low activity and selectivity. I 

designed a site-specific, single atom Cu/TiO2 catalyst and identified that 

the catalytic process on heterogeneous catalyst can resemble that of 

metalloenzymes. In analogy to the redox-activity of metal cofactors and 

reversible modulation of surrounding ligands in metalloenzymes, the 

heterogeneous photo-redox single Cu atom initiates reversible 

modulation of the adjacent TiO2 lattice; this reaction causes changes in 

the macroscopic material properties and subsequent enhancement of 

catalytic activity. By analyzing the site-specific, precise atomic structure 
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on the heterogeneous catalyst at the single-atom level, I demonstrate that 

the intra-communications of atomic catalysts (Cu atom) and adjacent 

environments (TiO2) significantly influences overall material properties 

of heterogeneous catalysts. 

 

Keywords : Lithium ion battery, Photocatalyst, H2 production, TiO2 

nanomaterials, energy storage, energy conversion 
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to the Cu dz2 anti-bonding state along with surface protonation, and (right) 

local structural distortion. Top panels show the DFT-optimized structure 

for each step.........................................................................................152 

Fig.3.28. Band structure analysis of Cu/TiO2 and pristine TiO2. (a) DFT-

optimized structures and band structures of Cu/TiO2 before light 

activation (left) and after light activation and proton capture (right), 

where the Fermi level is set to zero. Atoms are colored grey for Ti, red 
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918.29 eV). (b) DFT-optimized structures and band structures of TiO2 

surfaces in a pristine state (left) and modified with an additional electron 
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Fig.3.29. Reversible and cooperative photoactivation of Cu/TiO2. 

Schematics of cooperative photoactivation of Cu/TiO2. Site-specifically 

isolated Cu atom act as a redox-active metal cofactor that reversibly 

tunes local TiO2 lattice during dynamic photocatalysis. Macroscopically, 

during the photocatalytic H2 generation, white TiO2 (resting state) 
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xxviii 

 

List of Tables 

 
Table.2.1. Comparison of Li storage performance on recent anatase TiO2 

nanostructures.......................................................................................36  

Table.3.1. Detailed information on M-O and M-Ti contributions from 

EXAFS fitting......................................................................................133 

Table.3.2. Comparison of photocatalytic activity in hydrogen production 

on recent TiO2-based photocatalysts....................................................145 

 

 

 



１ 

 

1. Introduction 

 

1.1. Anatase TiO2 for lithium ion battery anodes 

Conventional lithium ion batteries largely depend on carbon-based 

materials for anode materials because of its abundance, low cost and 

excellent kinetics. However, carbon-based materials possess low lithium 

intercalation potential and lithium dendrites form during the overcharge 

process. Formation of unwanted dendrites causes a short-circuit and 

poses a safety issue. Extensive use of portable electronics and electric 

vehicles demands high-quality energy storage devices that carbon-based 

anodes cannot achieve. 

In this regard, anatase TiO2-based anodes received significant attention 

because they are not only as cheap and abundant as carbon but also 

possess appropriate Li-intercalation potential that makes anatase TiO2 

anodes much less vulnerable toward safety issues. Furthermore, lithium 

insertion kinetics is significantly enhanced when nano-sized anatase 

TiO2 becomes a potential substituent for graphite [1.1]. A small 

volumetric change of anatase TiO2 upon lithium intercalation is another 

fascinating aspect of anatase TiO2 compared to graphite. Volumetric 



２ 

 

expansion is only 4% during Li-cycling, which makes anatase TiO2 

anode free of electrode cracking, thereby decreasing capacity.  

The following half-cell equation describes the electrochemical lithium 

insertion process. 

TiO2 + xLi+ + xe-→ LixTiO2 

 In this process, anatase TiO2 undergoes phase transition from tetragonal 

anatase TiO2 to orthorhombic Li0.55TiO2 with low Li diffusion kinetics, 

limiting charge capacity to 180 mAh g−1. The small lithium intercalation 

capacity of anatase TiO2 is a major obstacle for potential 

commercialization. 

It is interesting to note that the theoretical limit of lithium storage in 

anatase TiO2 is 330 mAh g-1 instead of practically observed 180 mAh g−1. 

Later, it was found that an additional phase transition occurs from 

orthorhombic Li0.55TiO2 to tetragonal LiTiO2 when molten LiCl salt 

electrochemically introduces more lithium ions [1.2]. However, 

tetragonal LiTiO2 crystals could not be obtained through lithium 

intercalation on anatase TiO2, limiting enhanced lithium storage capacity 

of anatase TiO2.  
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In 2007, wagemaker et al. reported that electrochemical insertion of 

lithium ions in anatase TiO2 and subsequent phase transformation to 

LiTiO2 occurs when the crystal size of anatase TiO2 nanoparticles are 

below 7 nm (Fig. 1.1) [1.3]. As the crystal size of anatase TiO2 became 

smaller, the higher lithium storage capacity was observed. A crystal size 

below 7 nm manifested the evolution of LiTiO2 phase, demonstrating the 

possibility of electrochemical theoretical lithium storage (~330 mAh g-1) 

in anatase TiO2. This observation invoked the use of the LiTiO2 phase 

for enhancing the lithium storage of anatase TiO2 above the kinetic limit. 

Unfortunately, following reports found that the sequential phase 

transition (anatase TiO2→Li0.55TiO2→LiTiO2) can only occur during the 

first few cycles; this conclusion connects to the low lithium diffusion 

coefficient of Li0.55TiO2 and LiTiO2 which hinders reversible lithium de-

intercalation. Therefore, a rapid drop in capacity has been observed due 

to the formation of electrochemically dead layer. Furthermore, it has also 

been found that the lithium accumulation on the surface of large-sized 

anatase TiO2 particles during intercalation causes the formation of thin 

surface LiTiO2 layer, the direct reason for kinetic limit (Fig.1.2) [1.4]. 

 It should be noted that lithium storage in anatase TiO2 is due to 

intrinsically low lithium ion and electron diffusion kinetics. Not only do 
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the sluggish diffusion kinetics limit the lithium storage below 180 mAh 

g-1, but it also causes rapid capacity decay so that the capacity reaches 

below 30% of initial value only after 100 lithiation-delithiation cycles. 
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Fig.1.1. A schematic representation of the different lithium intercalation 

mechanisms observed in micro and nano (below 7 nm) sized anatase 

TiO2. Adapted from Ref. [1.3] 
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Fig.1.2. Voltage profiles vs average concentration X for different 

increases in diffusivity at (a) 0.5C, and (b) 2C, and final concentration 

profiles inside the TiO2 particles at (c) 0.5C and (d) 2C. Adapted from 

Ref. [1.4] 
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 Very recently, constructing hollow nanostructures with controlled 

shape, size and structural complexity received intensive attention. 

Nanosized crystals with well-defined boundaries form nanoscale hollow 

interiors; these structural features endow them with a high surface area, 

short mass and charge-transport path. These attractive features provide 

the hollow nanostructures with a high specific capacity, superior rate 

capability and stable cycling performance when applied to LIB materials. 

In this regard, various strategies to synthesize anatase TiO2 hollow 

nanostructures emerged which successfully demonstrated significant 

enhancement of lithium-ion storage. 

 The template method, which involves controlled deposition of a TiO2 

overlayer onto removable templates, is the most common and effective 

strategy to prepare hollow TiO2 nanostructures. Recent works 

demonstrated that various kinds of hard templates, such as SiO2, carbon 

sphere, carbonates and polymers, can be utilized to successfully 

synthesize hollow TiO2 nanostructures. The resultant products have a 

polycrystalline anatase TiO2 shell that exhibits excellent lithium storage 

capacity at 0.1 – 5 C even under prolonged cycling. For example, Zhang 

et al. synthesized hollow TiO2 nanostructure with a carbonaceous 

nanosphere template. Their synthesis strategy was based on the facile 
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deposition of TiO2 on a carbonaceous surface and the combustion of 

carbonaceous nanospheres through high-temperature thermal-annealing 

(Fig.1.3 and 1.4) [1.5]. The resultant hollow TiO2 nanostructures 

exhibited excellent lithium storage capacity, rate capability, and stable 

cycling performance. The capacity decayed from 187.4 mAh g-1 to 147.6 

mAh g-1 in the first 10 cycles and remained stable for up to 300 cycles.  

Moreover, compared to the low rate capability of non-structured TiO2 

nanoparticles with a similar crystal size, the hollow TiO2 nanostructure 

showed excellent rate capability even at a very high current rate (60.8 

mAh g-1 at 40 C).  
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Fig.1.3. Schematic illustration of the formation of TiO2 hollow spheres 

using carbon spheres as templates. Adapted from Ref. [1.5] 
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 Fig.1.4. Morphological characterization of C@TiO2 and TiO2 hollow 

spheres: (a) FESEM and (b) TEM images of C@TiO2 core/shell spheres; 

(c, d) FESEM and (e, f) TEM images of crystallized TiO2 hollow spheres 

under different magnifications. Adapted from Ref. [1.5] 
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 One of the most important properties of the template-based synthesis 

method is that the resultant nanostructure depends on the initial 

removable templates. Different morphologies of initial templates 

synthesized hollow TiO2 nanostructures with various morphologies, such 

as hollow sphere, cubes, octahedra and spindle structures (Fig.1.5) [1.6]. 

All of these reports demonstrated greatly enhanced lithium storage 

capacity and rate capability by taking advantage of their high surface 

area, short mass and charge diffusion length of hollow nanostructures. 
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Fig.1.5. (a, b) TEM images of Fe2O3@TiO2 core-shell particles and 

anatase TiO2  hollow nanostructures obtained by templating against 

Fe2O3 particles; (c, d) octahedral Cu2O@TiO2 heterostructures; (d) 

octahedral TiO2 nanocages synthesized by etching out Cu2O cores; (e) 

hierarchical TiO2 hollow nanospheres, which are produced by 

assembling ultrathin anatase nanosheets with nearly 100% exposed (001) 
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facets onto SiO2 spheres; (f) the cycling performance of TiO2  hollow 

nanospheres at a current rate of 1 C and 10 C. Adapted from Ref. [1.6] 
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 Later, it was found that prolonged lithium cycling can damage the 

secondary hollow structures. Due to the dynamic crystal phase 

(TiO2→Li0.55TiO2) change during the reversible lithium intercalation 

process, nanostructures gradually fragment and eventually dismantle 

into non-structured agglomerated TiO2 nanoparticles (Fig.1.6) [1.7]. Liu 

et al. demonstrated that coating hollow TiO2 nanostructures with an 

atomically thin graphitic carbon shell can prevent the destruction of 

nanostructures during reversible lithium intercalation (Fig.1.7) [1.7]. 

They found that fragmentation of the nanostructure started as early as the 

10th cycle without carbon shell protection. The ultrathin carbon shell 

derived from the calcination (at 800oC) of glucose penetrated in between 

boundaries of TiO2 nanocrystals. When thermally annealed, well 

crystallized hollow TiO2 nanostructures conformably coated by ultrathin 

carbon layer were obtained. Being composed of 2-3 graphene layers, the 

ultrathin carbon layer not only effectively enhanced the lithium storage 

capacity but also stably maintained the original nanostructures. 
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Fig.1.6. Schematic illustrations showing the structure evolution of TiO2 

hollow nanostructures upon cycling and the corresponding TEM images. 

All scale bars are 500 nm in the TEM images. Adapted from Ref. [1.7] 
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Fig.1.7. (a, b) SEM and (c) TEM images of the mesoporous hollow 

TiO2/graphitic carbon hollow nanostructure (H-TiO2/GC) prepared via a 

versatile conformal coating strategy. Inset in part c is the SAED pattern 

of the sample H-TiO2/GC. (d) HRTEM image of the H-TiO2/GC. 

Adapted from Ref. [1.7] 
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1.2. TiO2-based nanomaterials for photocatalytic 

application 

 In 1972, Honda and Fujisjima discovered water photolysis on the TiO2 

electrode, introducing the concept of artificial photocatalysis(Fig.1.8) 

[1.8]. Since then, photocatalysis became one of the most intensively 

studied catalysis fields as it provides an entirely new system that can 

directly transfer sunlight into valuable chemicals. TiO2 became a 

photocatalyst material of immediate interest for many reasons: it was the 

first photocatalyst discovered, abundant, cost-effective, stable and 

environmentally benign. Furthermore, since the early 20th century, 

practical applications of TiO2 gained large infrastructures (cosmetics, 

coloring, pigments, etc.). To this end, TiO2 finds its niche in the 

photocatalytic industry, accounting for USD 1.65 billion in 2016 which 

is expected to be doubled in next 10 years. 

The bandgap of TiO2 polymorphs ranges from 3.0 to 3.2 eV, which limits 

light absorption to UV light (~400 nm). The fact that UV light takes only 

4% of total irradiated sunlight also limits the maximum energy generated 

from photocatalytic reaction on TiO2 to below 4%. Therefore, one of the 

grand challenges in TiO2 photocatalysis has been reducing its intrinsic 

bandgap by designing visible-light active TiO2. 
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It is interesting to note that introducing a small amount of cation or anion 

as dopants can modulate electronic structures of TiO2, subsequently 

changing the overall material characteristics. Dopants introduce energy 

levels in the bandgap of TiO2, endowing visible light activity. 
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Fig.1.8. Photoelectrochemical cell in which the TiO2 electrode is 

connected with a platinum electrode. Adapted from Ref. [1.8] 
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 Initial strategies to endow visible light activity to TiO2 focused on 

cation doping on TiO2. Choi et al. investigated 21 different metal ion-

doped TiO2 nano-colloids and demonstrated that photo-reactivities 

correlated with the concentration of trapped charge carriers after the 

initial recombination between free charge carriers (Fig.1.9) [1.9]. Also, 

tailing the absorption band of TiO2 enabled absorption of visible light. 

For Fe3+ ion-doped TiO2, the absorption of visible light was attributed to 

the charge transfer from the d orbital of Fe3+ ion to conduction band (CB) 

of TiO2, resulting in the band gap shift of 0.12 eV. Similar phenomenon 

was found in V4+, Mn3+ and Ru3+ doped TiO2.  
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Fig.1.9. Periodic chart of the photocatalytic effects of various metal ion 

dopants in TiO2. The upper boldfaced numbers are the quantum yields 

(%) for the oxidative chloroform degradation and the lower numbers are 

the quantum yields (%) for Cl- production from the reductive 

dechlorination of carbon tetrachloride. The numbers in the parentheses 

are the ionic radii for a coordination number of 6. All the oxidation states 

represent those of the precursor metal ions. All dopant concentrations are 

0.5 at% except Mo5+ (0.1 at%). Ti4+* refers to the undoped TiO2. Adapted 

from Ref. [1.9] 
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Interestingly, doping anions, such as N and C, was found to be more 

effective in extending the absorption of TiO2
 than cation doping 

(Fig.1.10) [1.10]. Asahi et al. investigated anion doping, instead of 

previously recognized cation doping, where they first computationally 

calculated the absorption change of TiO2 upon substituting 5 different 

anions (F, N, C, S and P) in substitutional position of O atoms. They 

found that when a N atom substituted for an O atom (TiO2-xNx), light 

absorption significantly extended. By sputtering the target TiO2 film 

with an N2(40%)/Ar gas mixture, they obtained a yellowish TiO2-xNx. 

Impressively, the yellowish TiO2-xNx film exhibited visible light 

absorption beyond 500 nm. Moreover, a high quantum yield of 0.42% 

was obtained in the photodecomposition of gaseous acetaldehyde under 

visible light irradiation (436 nm) on TiO2-xNx film. 
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Fig.1.10. (a) Total DOSs of doped TiO2 and (b) the projected DOSs into 

the doped anion sites, calculated by full-potential linearized augmented 

plane wave (FLAPW). The dopants F, N, C, S, and P were located at a 

substitutional site for an O atom in the anatase TiO2 crystal (the eight 

TiO2 units per cell). The results for N doping at an interstitial site (Ni-

doped) and that at both substitutional and interstitial sites (Ni1s-doped) are 

also shown. The energy is measured from the top of the valence bands of 

TiO2, and the DOSs for doped TiO2 are shifted so that the peaks of the O 

2s states (at the farthest site from the dopant) are aligned with each other. 

Adapted from Ref. [1.10] 
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 Very recently, different approaches other than introducing extrinsic 

dopants were shown to be even more effective at extending the visible 

light absorption of TiO2. Mao and co-workers found that a high 

temperature treatment of high-pressure hydrogen (20 bar H2, 200oC) on 

TiO2 can significantly extend visible light absorption even to the IR 

region (Fig.1.11) [1.11]. Such harsh condition induces a lattice distortion 

on the surface TiO2 layer which significantly extends VB upward. The 

resultant TiO2 powders were completely black and possessed a bandgap 

as low as 1.54 eV instead of 3.3 eV of pure TiO2. Photocatalysis on 

hydrogenated black TiO2 (loaded with 0.6 wt% Pt) exhibited 10 mmol g-

1h-1 of H2 production, which did not show any decrease in 100 h of H2 

production. Furthermore, hydrogenated black TiO2 exhibited high 

photocatalytic H2 production even under visible light irradiation. When 

an incident light with a wavelength longer than 400 nm was irradiated, 

the rate of H2 production remained consistent (0.1 mmol g-1h-1). 
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Fig.1.11. (a) Schematic illustration of the structure and electronic DOS 

of a semiconductor in the form of a disorder engineered nanocrystal with 

dopant incorporation. (b) A photo comparing unmodified white and 

disorder-engineered black TiO2 nanocrystals. (c, d) HRTEM images of 

TiO2 nanocrystals before and after hydrogenation, respectively. In (d), a 

short dashed curve is applied to outline a portion of the interface between 

the crystalline core and the disordered outer layer (marked by white 

arrows) of black TiO2. (e, f) XRD and Raman spectra of the white and 

black TiO2 nanocrystals. Adapted from Ref. [1.11] 
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1.3. Objective of the Dissertation 

 As described above, identification of the atomic scale mechanism of 

lithium storage and photocatalytic reactions occurring on TiO2 holds 

great interest and extends the potential of TiO2 nanomaterials for energy 

storage and conversion industry.  

 In this regard, my Ph.D. studies focused on identifying how lithium 

storage and photocatalytic H2 generation occur on TiO2 in an atomic 

scale region. In this study, I first show how engineering TiO2 

nanostructures can exhibit the theoretical lithium storage limit and 

maintain a stable capacity during prolonged cycling. Lithium insertion 

into anatase TiO2 was previously regarded as a single-phase transition 

(TiO2→Li0.55TiO2). However, the low lithium diffusion coefficient of 

Li0.55TiO2 kinetically limited further lithium storage inside TiO2 crystal 

lattice. Applying TiO2 nanostructures for lithium ion storage helped to 

reach this kinetic limit for long-term usage; however, overcoming the 

kinetic limit for excess lithium storage has not been achieved for long-

term cycling. I designed hollow TiO2 nanostructures and reported a 

reversible and stable route for achieving the theoretical limit of lithium 

storage through sequential phase transition (TiO2→Li0.55TiO2→Li1TiO2). 

By simultaneously controlling the constituent crystal size and hollow 
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nanostructure of anatase TiO2 nanomaterials, I identified the microscopic 

origin of enhanced lithium storage in anatase TiO2 nanostructure. These 

findings achieved significantly enhanced and stable lithium storage in 

anatase TiO2 nanomaterials. 

In the remainder of this thesis, I describe a designed synthesis of various 

site-specific, single atom catalysts on TiO2 and study the reversible and 

cooperative photoactivation process. Although, photocatalytic H2 

evolution on anatase TiO2 has been extensively studied for past few 

decades, the actual H2 evolution mechanism on the TiO2 surface has not 

been elucidated. Very recently, single-atom catalysts (SACs) were 

developed and demonstrated that single atoms on heterogeneous support 

can exhibit a unique catalytic property. Taking advantage of the single 

atomic moiety from SACs, I designed various site-specific single atom 

metal/TiO2 photocatalysts with a single active site. Through this 

development I demonstrated the reversible and cooperative 

photoactivation process on heterogeneous catalysts at an atomic level. In 

this part, this study demonstrated that the cooperative interplay between 

atomic catalysts and adjacent environments can significantly influence 

overall material characteristics. Although previously unknown in 

heterogeneous catalysts, this behavior reflects catalytic processes in 
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natural metalloenzymes or artificially synthesized biomimetic 

homogenous catalysts.   
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2. Engineering Titanium Dioxide Nanostructures 

for Enhanced Lithium-Ion Storage 

 

2.1 Introduction 

Various kinds of nanostructured materials have been extensively 

investigated as lithium ion battery electrode materials derived from their 

numerous advantageous features including enhanced energy and power 

density, and cyclability. However, little is known about the microscopic 

origin of how nanostructures can enhance lithium storage performance. 

Herein, we identify the microscopic origin of enhanced lithium storage 

in anatase TiO2 nanostructure and report a reversible and stable route to 

achieve enhanced lithium storage capacity in anatase TiO2. We designed 

hollow anatase TiO2 nanostructures composed of interconnected ~5 nm-

sized nanocrystals, which can individually reach the theoretical lithium 

storage limit and maintain a stable capacity during prolonged cycling (i.e. 

330 mAh g−1 for the initial cycle, and 228 mAh g−1 for the 100th cycle, 

at 0.1 A g−1). In situ characterization by X-ray diffraction and X-ray 

absorption spectroscopy shows that enhanced lithium storage into the 

anatase TiO2 nanocrystal results from insertion reaction, which expands 

the crystal lattice during the sequential phase transition (anatase TiO2 → 
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Li0.55TiO2 → LiTiO2). In addition to the pseudo-capacitive charge 

storage of nanostructures, our approach extends the utilization of 

nanostructured TiO2 for significantly stabilizing excess lithium storage 

in crystal structure for long-term cycling, which can be readily applied 

to other lithium storage materials. 

In recent decades, the development of high-performance electrode 

materials for lithium ion batteries (LIBs) with high rate capability, high 

energy density, and long cycle stability has attracted significant attention 

for the next-generation energy storage devices for electronics and 

electric vehicle [2.1-2.5]. In particular, various strategies have been 

developed to design precisely controlled nanostructured materials [2.6-

2.15] by considering key issues in LIBs [2.1-2.5 and 2.16-2.20], 

including electrode volume change [2.6-2.8], solid–electrolyte 

interphase formation [2.9-2.10], and electron and ion transport [2.11-

2.15]. However, identification of the lithium storage mechanism in 

nanostructured materials is challenging because the characteristics of 

nanostructures, including size, shape, morphology and surface area, are 

closely interrelated with lithium storage performance. 

Titanium dioxide (anatase TiO2) based anodes have attracted 

tremendous interest as the potential substitutes for traditional graphite-

based anodes due to their cost-effectiveness, excellent material stability 
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and environmental friendliness [2.3, 2.7, 2.13, 2.21-2.38]. In particular, 

the development of high-quality energy storage devices for their 

applications to portable electronics and electric vehicle requires durable 

and safe batteries, which cannot be achieved using graphite-based anodes. 

Therefore, various approaches were utilized to fabricate anatase TiO2 

nanostructures that exhibit enhanced Li-ion storage capacities and long-

term cycling stabilities [2.3, 2.7, 2.13, 2.21-2.27]. In particular, long-

term lithium storage capacity has been significantly enhanced by 

exploiting the structural stabilities of the relevant nanostructures. 

However, lithium storage in such anatase TiO2 nanostructures has been 

limited, with the practical capacity (~180 mAh g−1) being much lower 

than the maximum theoretical capacity (330 mAh g−1) (Table S1). The 

differences between the theoretical and practical capacities in anatase 

TiO2 can be understood by considering the electrochemical lithium 

storage process which is shown by the following half-cell equation [2.25, 

2.28-2.30]. 

TiO2 + xLi+ + xe-→ LixTiO2 

This process involves the phase transition of tetragonal anatase TiO2 

to Li0.55TiO2, which has a low lithium diffusion coefficient. Thus, the 

lithium content (x) is kinetically limited to 0.55, which corresponds to a 

charge capacity of ~180 mAh g−1. 
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On the other hand, an additional phase transition is observed in small-

sized (< 7 nm) anatase TiO2 nanocrystals during the lithiation reaction 

and generate LiTiO2 phase, which can store Li ions up to the theoretical 

limit (i.e. x = 1) [2.31]. Although this observation indicates the potential 

use of anatase TiO2 for the storage of excess lithium above the intrinsic 

kinetic limit through the ‘crystal-size effect,’ capacity fades rapidly after 

the first few cycles due to the low ionic conductivity of the LiTiO2 phase, 

and thus, not all the LiTiO2 particles can return to the pristine phase 

[2.31-2.35]. Therefore, rational utilization of LiTiO2 for long-term 

perspective and ability to store excess Li-ion in anatase TiO2 remain an 

essential issue to achieve practical application of LIBs. Although 

physicochemical properties of LiTiO2 has been extensively studied 

[2.31-2.35], the rational utilization of sequential phase transition (anatase 

TiO2 → Li0.55TiO2 → LiTiO2) has not been well established. 

Herein, we present a designed route for excess-lithium storage in anatase 

TiO2 that can overcome the kinetic limit during prolonged cycling by 

reversible and sequential phase transition to LiTiO2 within hollow 

nanostructures. By controlling the size of constituent nanocrystals in the 

hollow nanostructure and combining with various in situ electrochemical 

measurements including in situ X-ray absorption spectroscopy (XAS), 

X-ray diffraction (XRD), and the in operando galvanostatic intermittent 
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titration technique (GITT), we demonstrate that the 5 nm-sized 

constituent nanocrystals in the hollow TiO2 nanostructure individually 

exhibit the crystal-size effect that can be stably maintained for long-term 

cycling. This synergistic combination enables stable sequential phase 

transition to LiTiO2, achieving largely enhanced lithium storage capacity 

in anatase TiO2 in long-term cycling (228 mAhg-1 at 100th cycle, Table 

2.1). 

 
Table.2.1. Comparison of Li storage performance on recent anatase TiO2 

nanostructures. Adapted from Ref. [2.48]  
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2.2 Experimental 

 

Materials. Titanium(IV) n-butoxide (TBOT) was purchased from 

Strem Chemicals, Inc. (Newburyport, MA 01950-4098, USA). 

Tetraethyl orthosilicate (TEOS), resorcinol, formaldehyde solution (37 

wt% in H2O) and polyvinylpyrrolidone (PVP) (MW = 55,000) were 

purchased from Sigma Aldrich (St. Louis, MO, USA). Acetonitrile, 

anhydrous ethyl alcohol (purity = 99.9%), sodium hydroxide (NaOH) 

and aqueous ammonia solution (28 – 30 wt%) were purchased from 

Samchun Chemical (Seoul, Korea). 5 nm and 15 nm sized nanocrystals 

(5 NC and 15 NC, respectively) were purchased from Nanostructured & 

Amorphous Materials, Inc. (1526 Katy Gap Road, #302, Katy, TX 77494, 

USA). All reagents were used as received without further purification.  

Synthesis of silica nanoparticles (SiO2 NPs). Colloidal spherical 

SiO2 NPs were synthesized under sol-gel reaction in basic environment 

(Stöber method) using the previous report [2.39]. TEOS (99%, 0.86 ml) 

was added in the solution containing ethyl alcohol (23 ml), de-ionized 

water (4.3 ml) and an aqueous solution of ammonia (28 – 30 wt%, 0.6 

ml) at room temperature. The mixture was then vigorously stirred for 6 

h. Reaction products were centrifuged, washed with water and ethyl 
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alcohol, and dispersed in ethyl alcohol.  

Coating SiO2 NPs with titania (SiO2@TiO2 NP). SiO2 particles were 

coated with TiO2 using a method modified from the reported literature 

[2.39]. The prepared SiO2 particles were dispersed in anhydrous ethyl 

alcohol (99.9%, 40 ml). Then acetonitrile (14 ml) and aqueous ammonia 

(28 – 30 wt%, 0.4 ml) were mixed with above SiO2 NP solution (solution 

1). The solution 1 was sonicated for at least 10 min to obtain well-

dispersed SiO2 NPs prior to TiO2 coating. Meanwhile, TBOT (0.8 ml) 

was dissolved in the mixture of anhydrous ethyl alcohol (99.9%, 6 ml) 

and acetonitrile (2 ml) (solution 2). Solution 2 was added to solution 1 

and subsequently stirred for 3 h for TiO2 coating process. Resulting 

SiO2@TiO2 NP solution was centrifuged and washed with ethyl alcohol 

and water 2 times, respectively. Finally, SiO2@TiO2 NPs were dispersed 

in 40 ml H2O. 

Coating SiO2 shell on SiO2@TiO2 NPs (SiO2@TiO2@SiO2 NPs) – 

5 HT. The SiO2@TiO2 NPs above were dispersed in de-ionized water (40 

ml). After addition of PVP (0.4 g), the solution was stirred overnight to 

allow adsorption of PVP onto the surface of SiO2@TiO2 NPs. After the 

PVP adsorption, the product was separated by centrifugation and re-

dispersed in the solution of ethanol (46 ml) and H2O (8.6 ml) by 

sonication. An aqueous ammonia solution (28-30 wt%, 0.8 ml) and 
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TEOS (1.6 ml) were added to the above solution. After stirring for 4 h, 

the resulting SiO2@TiO2@SiO2 NPs were washed with ethanol and water. 

The products were centrifuged, dried in air at 80˚C overnight and ground 

in mortar for uniformity. 

Coating resorcinol-formaldehyde (RF) shell on SiO2@TiO2 NPs 

(SiO2@TiO2@RF NPs) – 12 HT. The above SiO2@TiO2 NPs were 

dispersed in H2O (56 ml) and mixed with aqueous CTAB solution (2 mL, 

0.01 M). After vigorous stirring for 1 h, resorcinol (0.08 g) and 

formaldehyde solution (37 wt%, 0.112 ml) were added. Subsequently, 

diluted aqueous ammonia solution (2.8-3.0 wt%, 0.4 ml) were added. 

After 24 h of reaction, the SiO2@TiO2@RF NPs were washed with 

ethanol and water. The products were centrifuged, dried in air at 80˚C 

overnight and ground in mortar for uniformity. 

Calcination – Nano-confined crystal growth. The 

SiO2@TiO2@SiO2 NPs and SiO2@TiO2@RF NPs were calcined in air 

for 2 h at the desired temperature (SiO2@TiO2@SiO2 NPs - 900 oC and 

SiO2@TiO2@RF NPs - 750 oC) for nano-confined crystallization of 

amorphous TiO2. The resultant white powders were ground in mortar for 

uniformity before SiO2 etching process. 

Etching SiO2 for the preparation of 5 HT and 12 HT. For SiO2 

etching, calcined SiO2@TiO2@SiO2 NPs and SiO2@TiO2@RF NPs 
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were dispersed in 0.5 M NaOH solution. The dispersion was then heated 

to 90 ˚C under continuous stirring. After stirring for 6 h, the product was 

separated by centrifugation and washed with H2O and ethyl alcohol to 

give the 5 HT and 12 HT. The products were dried in an electric oven at 

80 ˚C overnight and used for characterizations and/or electrochemical 

measurement. 

Characterization. Transmission electron microscopy (TEM) imaging 

was conducted on a JEOL EM-2010 microscope operated at 200 kV. The 

Cs-corrected TEM imaging was conducted on a JEM ARM-200F 

microscope (Cold FEG Type, JEOL) operated at 200kV, installed at the 

National Center for Inter-University Research Facilities (NCIRF) at 

Seoul National University. The field emission scanning electron 

microscopy (FESEM) imaging was conducted on a JEOL JSM-7800F-

Prime microscope, installed at the National Center for Inter-University 

Research Facilities (NCIRF) at Seoul National University. X-ray 

diffraction analysis was performed on a Rigaku D/MAX-2500H system 

employing Cu Kα radiation. Collected data was analyzed by pattern 

fitting using HighScore Plus software. 

Characterization of in situ experiments. To apply transmission in 

situ XRD and XAS analysis, a customized coin cell with a hole in the 
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center and Cu mesh electrode was used to reduce interference of Cu 

substrate. 

In situ XRD measurements and data processing. In situ XRD 

patterns were collected using Smartlab (Rigaku, Japan) with Cu Kα 

radiation (1.5406 Å). Each cell was discharged and charged at a current 

density of 25 mA g–1 in same voltage range. An XRD pattern was 

obtained at intervals of about 28 min. The obtained spectra were 

processed using PDXL software. 

In situ X-ray absorption spectroscopy (XAS) measurements and 

data processing. X-ray absorption fine structure (XAFS) was measured 

at 8C nano-probe XAFS beamline (BL8C) of Pohang Light Source (PLS-

II) in the 3.0 GeV storage ring, with a ring current of 300 mA. The 

radiation source of BL8C is a tapered in-vacuum-undulator. The X-ray 

beam was monochromated by a Si(111) double crystal where the beam 

intensity was reduced by 30% to eliminate the higher-order harmonics. 

The X-ray beam was then delivered to a secondary source aperture where 

the beam size was adjusted to be 0.3 mm (v) × 1 mm (h). A high voltage 

(3000 V) was applied to ionization chambers which were filled with 

N2/Ar mixture gases to detect x-ray intensity. XAS spectra were 

collected in both transmission and fluorescence modes. The obtained 

spectra were processed using Demeter software. 
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2.3 Results and discussions 

 

Little is known about the fundamental reason behind the high-

performance lithium storage of nanostructured materials. Previous 

explanations, such as enhanced conductivity of electron and Li ion and 

shortened diffusion pathways are based on the macroscopic properties of 

the materials, which cannot explain the microscopic characteristics of the 

stored Li ions. We therefore focused on the fact that nanostructured TiO2 

is a systematic assembly composed of numerous interconnected 

individual TiO2 nanocrystals. The lithium storage properties of 

nanostructured TiO2 should therefore be a sum of the properties of the 

constituent TiO2 nanocrystals. Ideally, if the size of the constituent 

nanocrystals in anatase nanostructure is less than 7 nm, the nanocrystals 

would individually exhibit crystal-size effect that has been observed in 

the previous studies of the small anatase TiO2 nanocrystals. 

Simultaneously, the hollow nanostructure would minimize the 

irreversible capacity loss and stably maintain the crystal-size effect over 

long-term usage, which has been the main obstacle for utilizing LiTiO2 

for excess lithium storage. To demonstrate this concept, we compared 

four different types of anatase TiO2 nanomaterials. Two differently-sized 
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anatase TiO2 nanocrystals (5 and 15 nm, referred as 5 NC and 15 NC, 

respectively) and two hollow anatase TiO2 nanostructures with different-

sized constituent nanocrystals (5 and 12 nm, referred as 5 HT and 12 HT, 

respectively) were prepared to separately investigate the role of the 

hollow nanostructure and the constituent crystal size on their lithium 

storage performance. First, we compared Li ion storage capacity of NCs 

with that of HTs. We found that the small nanocrystals in the hollow 

anatase TiO2 nanostructure (in case of 5 HT) can individually reach the 

theoretical lithium storage by sequential phase transition (anatase TiO2 

→ Li0.55TiO2 → LiTiO2), thereby demonstrating the ‘crystal-size effect’ 

of each individual building blocks of the hollow nanostructures. 

Interestingly, this crystal-size effect was maintained over long-term 

cycling, and exhibits significantly enhanced lithium storage capacity and 

rate capability (Fig. 2.1). We reveal the enhanced lithium storage process 

in individual constituent nanocrystals in the designed hollow anatase 

TiO2 nanostructure leads to exceed the kinetic limit during the prolonged 

cycling. 
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Fig.2.1. Schematic illustration on engineering TiO2 nanostructures for 

excess Li ion storage. Adapted from Ref. [2.48]  
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 The synthesized 5 HT and 12 HT samples were characterized by 

transmission electron microscopy (TEM) and powder XRD (Fig.2.2A-D, 

Fig.2.3). Similarly, the commercially available 5 NC and 15 NC, which 

were employed as reference samples, were characterized by TEM and 

powder XRD before the electrochemical measurements (Fig.2.3 and 2.4). 

The 5 HT and 12 HT samples were prepared using a sacrificial template 

method, which was modified from the previous report (Fig.2.5, see 

Experimental Section for details) [2.39]. 
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Fig.2.2. Representative TEM images of the prepared hollow anatase 

TiO2 nanostructures. (a, b) Low magnification TEM images of (a) 5 HT 

and (b) 12 HT (scale bar = 100 nm). The insets in (a) and (b) are the 

selected area electron diffraction patterns, which confirm the anatase 

structures of 5 HT and 12 HT. (c, d) High magnification TEM images of 

(c) 5 HT and (d) 12 HT (scale bar = 20 nm). Adapted from Ref. [2.48] 

  

a b 

d c 
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Fig.2.3. XRD patterns of prepared anatase TiO2 nanomaterials (5 HT, 12 

HT, 5 NC and 15 NC). Adapted from Ref. [2.48] 
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Fig.2.4. Representative TEM images of commercially available (a) 5 NC 

and (b) 15 NC. Adapted from Ref. [2.48] 

 

  

b a 
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Fig.2.5. Representative TEM image of (a) SiO2, (b) SiO2@TiO2, (c) 

SiO2@TiO2@RF and (d) SiO2@TiO2@ SiO2. Adapted from Ref. [2.48]  

b a 

c d 
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 In our typical synthesis, in the first step, TiO2 shell was uniformly 

coated on the SiO2 particle cores by the sol-gel reaction in basic 

condition. Subsequently, these TiO2-coated SiO2 particles were further 

coated with SiO2 (for 5 HT) or resorcinol-formaldehyde (RF, for 12 HT) 

resulting in the formation of nanoparticles of SiO2@TiO2@SiO2 or 

SiO2@TiO2@RF, respectively. The amorphous TiO2 layer is crystallized 

into anatase TiO2 crystals by nano-confined crystallization during the 

high temperature calcination process. But the sizes of the constituent 

nanocrystals depend on the nature of outer coating layer, i.e., hard (SiO2) 

or soft (RF polymer) property of the material (Fig.2.6.). We observe that 

silica-protected-calcination at 900 oC can limit the growth of the 

constituent nanocrystals below 5 nm while simultaneously preserving 

crystalline anatase structure [2.39]. On the other hand, the RF polymer 

shell on the SiO2@TiO2@RF nanoparticles was thermally removed 

during calcination at 750 oC, resulting in further growth of the constituent 

nanocrystals to 12 nm. However, the rigid SiO2 core enables the 

formation of the hollow TiO2 nanostructures. Finally, the resulting 

powder was treated in 0.5 M NaOH solution to remove the SiO2 template, 

producing the desired 5 HT and 12 HT materials. Field emission 

scanning electron microscopy was additionally conducted on 5 HT to 

characterize 3D morphology of the hollow nanostructure (Fig.2.7.).  
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Fig.2.6. Schematic illustration for the synthesis of hollow anatase TiO2 

nanostructures with constituent nanocrystal size of 5 nm (a) 5 HT, and 

12 nm (b) 12 HT. Adapted from Ref. [2.48] 

  

a b 
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Fig.2.7. Representative FESEM image of 5 HT (scale bar = 100 nm). 

Adapted from Ref. [2.48] 
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 Small amount (1.9 wt% for 5 HT and 1.4 wt% for 12 HT, ICP-OES) of 

amorphous SiO2 residue is present in our synthesized 5 HT and 12 HT 

samples, which does not affect charge contribution on the working 

voltage of anatase TiO2 (1.0 V – 3.0 V) (Fig.2.8 and 2.9). 

 Amorphous SiO2 is not a good anode material for lithium ion battery. 

The detailed mechanism of charge-discharge reactions is as follows.  

Discharge reaction 

0.27 V a-SiO2 + (4/5)Li+ + (4/5)e- → (2/5)Li2Si2O5 + (1/5)Si  

0.24 V a-SiO2 + 2Li+ + 2e- → (1/2)Li4SiO4 + (1/2)Si 

0.0 V Si + (15/4)Li+ + (15/4)e- → (1/4)Li15Si4 

Charge reaction 

0.34 V Li15Si4 → 15Li + + 4Si + 15e- 

0.39 V Li2Si2O5 + (1/2)Si → (5/2)SiO2 + 2Li+ + 2e- 

 But in case of anatase TiO2 the working voltage range is 1.0 – 3.0 V, 

where a-SiO2 does not affect the capacity contribution. 
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Fig.2.8. Representative EDS-STEM elemental mapping of 5 HT. 

Adapted from Ref. [2.48] 
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Fig.2.9. Si 2p XPS spectra of (a) 5 HT and (b) 12 HT. Adapted from Ref. 

[2.48] 

  

a b 
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To demonstrate the synergistic advantages of ‘hollow nanostructure’ 

and ‘crystal size effect’ of individual constituent nanocrystals in the 

designed anatase TiO2 anode materials, the galvanostatic 

lithiation/delithiation was performed (Fig. 2.10A-E, Fig.2.11 and 2.12). 

Fig. 3A shows the discharge capacities of the four materials and 

highlights the superior performance of the hollow anatase TiO2 

nanostructures compared to the TiO2 NCs. A particularly high discharge 

capacity of 330 mAh g−1 was observed for 5 HT in the first cycle, in 

addition to a stable performance in subsequent cycles (i.e. 233 mAh g−1 

after 50 cycles). This excellent performance was achieved due to more 

than 0.7 lithium reacts with anatase TiO2 continuously even after 

prolonged cycling, even without compositing with carbon material. 12 

HT has a similar capacity to other anatase TiO2 nanostructures and 

exhibits a somewhat lower stability than 5 HT. 5 NC exhibits the largest 

initial capacity, but this rapidly decreases within a few cycles. This 

irreversible capacity drop is due to the loss of particle-particle contact 

with decrease of electrochemically active surface area and similar results 

were observed in the case of 15 NC. The HT samples exhibit excellent 

capacity retention, which suggests that the hollow spheres retain their 

structure, thereby improving the long-term stability. Indeed, the 

examination of 5 HT by TEM after 250 cycles confirms that the hollow 
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nanostructure is stably maintained (Fig.2.13). Consequently, 5 HT 

exhibits the capacity of 228 mAh g-1 at 100th cycle and 195 mAh g-1 at 

500th cycle, demonstrating high cyclic stability (Fig.2.10). Furthermore, 

5 HT exhibits an excellent high-rate performance (196 mAh g−1 at 

1 A g−1). 

To elucidate the origin of the high capacity of 5 HT, the voltage 

profiles of 5 HT and 12 HT were divided into three voltage ranges to 

compare the capacity ratios (Fig.2.10C-D).  
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Fig.2.10. Electrochemical measurements on the prepared anatase TiO2 

anodes. (a) Cycling performance of the anatase TiO2 nanomaterials at 0.1 

A g−1 (5 HT, 12 HT, 5 NC, and 15 NC). (b) Cycling performance of 5 HT 

at different charge-discharge rates (0.1–5 A g−1). (c) Voltage profiles of 

5 HT and 12 HT during the first discharge. (d) Capacity and ratio of three 

regions in 5 HT during 500 cycles. (e) Long-life cycling performance of 

5 HT at 0.1 A g-1. Adapted from Ref. [2.48]  

e 

a b 

c d 
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Fig.2.11. Voltage profiles of 5 HT for various cycle numbers. Adapted 

from Ref. [2.48] 
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Fig.2.12. Voltage profiles of (a) 5 NC and (b) 15 NC during the first 

discharge. Adapted from Ref. [2.48]  

b 

a 
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Fig.2.13. Representative TEM images of 5 HT in (a) low and (b) high 

magnification after 250 cycles. Even after prolonged cycling (250 

cycles), hollow nanostructures are stably maintained. Adapted from Ref. 

[2.48] 

  

a  b  
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In the high-voltage slope region (a), lithium ions generally insert into 

the anatase TiO2 to form a solid solution. The initial irreversible capacity 

by the formation of a solid-electrolyte interphase also occurs 

predominantly in this region (Fig.2.14 and 2.15) [2.40]. In the plateau 

region (b) at ~1.75 V, lithiation is known to occur through the phase 

transition from TiO2 to Li0.55TiO2. The lithiation reaction in the low-

voltage slope region (c) has two possibilities (Fig. 2.10C). One is the 

pseudo-capacitive interfacial charge storage due to the large surface of 

the nanostructure which is often mentioned in many studies [2.12, 2.18, 

2.19, 2.41]. The other is the excessive lithium insertion in the crystal 

structure through the sequential phase transition, a common phenomenon 

for TiO2 nanocrystals [2.31, 2.33]. Compared to 12 HT, which has a 

similar hollow structure, 5 HT shows a significantly higher capacity in 

the region (c). In addition, the capacity in this region increases gradually 

as the cycle progresses and it accounts ~73% of capacity contributed by 

the region (c) in the 500th cycle. Therefore, it is necessary to figure out 

what reaction takes place in this region, and we employed various in situ 

techniques such as XRD, XAS, and GITT on the 5 HT sample, which 

exhibits an excellent long-life cycling performance. 
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Fig.2.14. Representative TEM images of 5 HT in (a) low and (b) high 

magnification after the first lithium charging. Formation of thin SEI layer 

(2~3 nm) is observed on the surface of 5HT. Adapted from Ref. [2.48] 

  

a  b  
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Fig.2.15. High-resolution TEM images of 5 HT indicating thin solid-

electrolyte interphase (SEI) layer formation after the first lithium 

charging. Guided black lines indicate the presence of thin SEI layer (2~3 

nm) due to the surface reaction during the lithiation reaction on the 

surface of 5 HT. Adapted from Ref. [2.48]  

a  b  
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Fig.2.16 shows the in situ XRD results during the charge-discharge 

process to determine the reaction mechanism. From the first cycle of 

charging and discharging in voltage profile diagram, it was found that 5 

HT reacts with ~0.98 lithium and 12 HT reacts with ~0.55 lithium. In 

this process, 12 HT starts to transform from the anatase phase into 

Li0.55TiO2 by reacting with 0.2 lithium (point (i), Fig. 2.16A) and 

maintains its structure while reacting with 0.55 lithium (point (j), Fig. 

2.16A). The generation of a new diffraction peak (011) and the shift of 

several peaks such as (004) and (200) confirm the phase transition during 

the lithiation reaction. During the delithiation process, crystal structure 

of Li0.55TiO2 in 12 HT returns to anatase reversibly (j→l). From this 

reaction, it confirms that 12 nm constituent crystals limit the reaction 

with lithium (h→j→l) up to certain level and does not exceed the kinetic 

barrier (Fig. 2.16C). In the case of 5 HT, the Li0.55TiO2 phase starts 

appear by the reaction of 0.36 lithium with anatase 5 HT (point (b)). It is 

observed that the (011) peak appears near 24° and the (200) peak shifted 

to lower angle. However, 5 HT exists as Li0.55TiO2 only until it reacts 

with 0.73 lithium (point (c)), and the phase transition to the next step 

occurs by the reaction with additional lithium. After the complete 

lithiation reaction, peaks with the characteristic of Li0.55TiO2 disappear 

and a new single peak appears at ~24.5° which is close to the calculated 
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position for the (101) peak of LiTiO2 (24.3°) (Fig. 2.16B). Although 

LiTiO2 has an identical crystal structure to anatase TiO2, the insertion of 

lithium ions into the crystal structure results in expansion of the unit cell 

parameter along a and b axis, which corresponds to shifting of the (101) 

peak to the lower side (Fig. 2.18). 

  This peak changes correspond to the sequential phase transition 

from anatase TiO2 to Li0.55TiO2, and finally to LiTiO2. Similarly, the 

delithiation reaction (d→g) is also reversible, indicating that 5 HT 

exhibits a higher capacity than conventional anatase TiO2 materials due 

to lithium storage through this additional phase transition (Table S1). The 

delayed transition to Li0.55TiO2 in 5 HT (b, x=0.36) compared with the 

larger anatase TiO2 (x=0.1)28 appears to result from the irreversible 

surface reaction because of its small particle size and surface defects. In 

addition, studies on the reaction of TiO2 with lithium have shown that 

the smaller the particle size, the longer is the solid solution region and 

the slower is the phase transition [2.34]. 

Upon examination of the change in d-value for the (101) peak caused 

by lithiation, it is apparent that the d-value increases in the initial solid 

solution type reaction, then remains almost constant as the phase 

transition to Li0.55TiO2 take place. Instead, the (011) peak appears and its 

d-value also remains constant during the lithiation (JCPDS Card No. 38-
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0269). Then, due to the additional phase transition from Li0.55TiO2 to 

LiTiO2, the (011) peak of Li0.55TiO2 disappears and the d-value of (101) 

peak increases sharply and reaches to 3.62 Å at 0.98 lithium content. This 

d-value is slightly smaller than the calculated d-value of the (101) peak 

of LiTiO2 (3.67 Å), but it has an increasing tendency toward the 

calculated value during the additional lithiation reaction (Fig. 2.16D). 

The expanded d-value of (101) and (200) peaks of LiTiO2 have been 

directly observed using Cs-corrected TEM (Fig. 2.17). Although anatase 

TiO2 and LiTiO2 have identical crystal structure, lithium intercalation 

causes expansion in d-value of (101) and (200) peaks. The observed d-

values of (101) and (200) peaks were 3.68 Å and 2.06 Å, which match 

well with the calculated d-values of the (101) and (200) peaks of LiTiO2. 

Consequently, this study reveals that the excess lithium storage results 

from the insertion reaction that alters the crystal lattice parameter rather 

than from a simple surface reaction. Furthermore, since the same trend 

can be observed in the XRD pattern of the 21st cycle (Fig. 2.19), it is 

apparent that this reaction is reversible and continuous. 
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Fig.2.16. Characterization by in situ XRD. (a) Voltage profiles of 5 HT 

and 12 HT in the first cycle. (b) Series of in situ XRD data for the charge-

discharge process of 5 HT in the first cycle. (c) Series of in situ XRD 

data for the charge-discharge process of 12 HT in the first cycle. A 

distinct shoulder was observed in XRD data of 5 HT after delithiation, 

a  

b  c  

d  



６９ 

 

which is absent in 12 HT (shown by black arrows in g and l). (d) 

Corresponding d-values of the (101) planes (for TiO2 and LiTiO2) and 

the (011) plane (for Li0.55TiO2) obtained from the in-situ XRD results. 

Adapted from Ref. [2.48]  
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Fig.2.17. High-resolution TEM images of 5 HT after the first lithium 

charging show the d-value expansion of (101) and (200) peaks of LiTiO2. 

Adapted from Ref. [2.48] 

  

b  a  
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Fig.2.18. Crystal structures of anatase TiO2 during lithium intercalation. 

Each structures indicate (a) anatase TiO2, (b) Li0.55TiO2 and (c) LiTiO2. 

Adapted from Ref. [2.48] 

  

b  c  a  
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Fig.2.19. in situ XRD measurement of 5 HT in 21st cycle. Sequential 

phase transition can be observed on constituent crystals in 5 HT from 

anatase to LiTiO2 via Li0.55TiO2 in the 21st cycle. The distinct shoulder is 

continuously present in XRD patterns of 5 HT, before lithiation and after 

delithiation (black arrows). This indicate that substantial part of the 

irreversible capacity loss is from incomplete delithiation of lithium 

intercalated TiO2 during cycling. Adapted from Ref. [2.48]  
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Changes in the electronic structure due to lithiation were also 

confirmed by in situ XAS, which is a useful way to identify the reaction 

process. Our results for 5 HT show that the Ti K-edge shifts gradually to 

lower energies upon the insertion of lithium ions into the TiO2 matrix 

during the lithiation process, indicating that the Ti(IV) oxidation state in 

TiO2 is gradually reduced to lower oxidation state (Fig. 2.20A). From the 

X-ray absorption near edge structure (XANES) analysis, the change in 

the Ti K-edge position upon the lithium intercalation could be 

determined, as shown in the inset of Fig. 2.20A. The result confirms that 

the oxidation number of Ti continuously decreases upon the lithiation 

reaction and lies in between the two reference samples, TiO2 and Ti2O3. 

Because the initial reaction is partially irreversible as mentioned above, 

there are no significant changes in the edge position prior to the reaction 

with 0.4 lithium. 

The pre-edge peak of the Ti K-edge in XANES provides the 

information on electronic structure of metal oxide. The previous studies 

on TiO2 have shown that four different pre-edge peaks exist [2.33], 

where A1, A2, A3 are related to the 3d-4p hybridization, and B is related 

to the 4p-4s hybridization. In anatase TiO2, A1 results from the 

interaction of four Ti atoms present in the first Ti-Ti shell, while A2 and 

A3 result from interactions between the Ti 4p and Ti 3d orbitals in the 
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second Ti-Ti shell. More specifically, A1 is the quadrupolar transition of 

the t2g state, while A2 is generally a dipolar with a small eg quadrupolar 

component, and A3 is a dipolar component. In contrast, B represents the 

hybridization of the 4p orbital of Ti with its surrounding Ti 4s or O 2p 

orbitals. As the lithiation reaction progresses, the intensities of both A1 

and A3 decrease simultaneously, whereas the intensity of A2 increases. 

Finally, the only A2 peak exists when the reaction occurs with ~0.6 

lithium. This indicates that the regular Ti-O octahedron of the anatase 

tetragonal structure converts to the distorted Ti-O octahedron of the 

orthorhombic Li0.55TiO2 structure. Further reaction with additional 

lithium leads to the decrease in A2 peak (4968 eV shoulder and 4970 eV), 

indicating the formation of regular Ti-O octahedral structure of LiTiO2 

(Fig. 2.20B). It is therefore apparent that anatase TiO2 undergoes a 

sequential phase transition to LiTiO2 through Li0.55TiO2 upon the 

lithiation. 
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Fig.2.20. Characterization by in situ XAS. (a, b) In situ Ti K-edge 

XANES data recorded on the first discharge of 5 HT. The inset in (a) is 

the change in the edge position during lithium intercalation. Adapted 

from Ref. [2.48] 

  

a  b  
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The CV results of HTs show the cathodic peak corresponding to plateau 

through general intercalation reaction (TiO2 → Li0.55TiO2) around 1.7 V. 

Additional peaks are reversibly observed in the CV results of 5 HT at the 

low-voltage part (black arrows in Fig. 2.21A, around 1.5 V). These peaks 

were more or less observed in the previous studies on anatase TiO2 

nanomaterials with small size (<10 nm) and can be attributed to the 

second phase transition (Li0.55TiO2 → LiTiO2) [Bresser, D. et al. J. 

Power Sources 2012, 206, 301.; Brumbarov, J. et al. J. Mater. Chem. A. 

2015, 3, 16469.; Auer, A. et al. ACS Appl. Energy Mater. 2018, 1, 1924.]. 

Interestingly, these peaks are more distinct in 5 HT than the previous 

reports, possibly because majorities of individual 5 nm sized TiO2 

crystals undergo the second phase transition, which can be confirmed in 

in situ XRD and XAS results in the manuscript. These peaks are also 

observed in the 1st cycle of 5 NC but disappear from the 2nd cycles (black 

arrows in Fig. 2.21C), suggesting the crucial role of nanostructures for 

significantly stabilizing excess lithium storage through sequential phase 

transition (anatase TiO2 → Li0.55TiO2 → LiTiO2) for long-term cycling.  
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Fig.2.21. CV cycles (scan rate: 0.1mV s-1) of (a) 5 HT, (b) 12 HT and (c) 

5 NC. 

  

a  b  c  
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Finally, we note that initial irreversible capacity loss of 5 HT is 

substantially larger than 12 HT. After delithiation, 5 HT still contains Li 

up to 0.22 (shown in g, Fig. 2.16A and 2.16B) whereas 12 HT contains 

Li up to 0.08 (shown in l, Fig. 2.16A and 2.16C). It is noteworthy that 

distinct shoulder is present around 24o in XRD pattern of 5 HT after 

delithiation (g in Fig. 2.16B) which is absent in 12 HT (l in Fig. 4C). This 

shoulder can be continuously observed in in situ XRD patterns of 5 HT 

before lithiation and after delithiation (Fig. 2.19). This distinct shoulder 

indicates that 5 HT is incompletely delithiated due to the limited 

transport of Li ion and electron, which is responsible for initial 

irreversible capacity loss. Another possible reason for the initial capacity 

loss is the formation of solid electrolyte interphase (SEI) layer on the 

surface of TiO2 (5 HT). TEM images of 5 HT (shown in Fig. 2.14 and 

2.15) shows the development of thin SEI layer on the surface of hollow 

TiO2 nanostructure after lithium charging in the first cycle. To solve this 

problem, different approaches such as design of multishell nanostructure 

[2.12, 2.42-2.45], control of nanostructure morphology [2.5, 2.7-2.11, 

2.14] and design of multicomponent system [2.6, 2.19-2.21] have been 

reported as the effective strategy. These modifications not only enhance 

the Li ion and electron transport but also control the formation of SEI 
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layer that would reduce the irreversible capacity loss. 

We additionally fabricated 8 HT using the same SiO2 outer-shell. By 

increasing the calcination temperature to 980 oC instead of 900 oC, size 

of anatase TiO2 nanocrystal could further grow to 8 nm. TEM, SAED 

pattern, and XRD analysis were conducted and confirmed that 8 HT is 

constituted of 8 nm-sized interconnected anatase TiO2 nanocrystals. As 

predicted from the crystal size effect, the galvanostatic 

lithiation/delithiation results on 8 HT were between 5 HT and 12 HT. 

(Fig.2.22)  
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Fig.2.22 | Representative (a) TEM image, (b) HRTEM image, (c) XRD 

pattern and (d) cyclic performance at 0.1 A g-1 of 8 HT. The inset in (a) 

is the SAED pattern of 8 HT. 

  

a  b  

c  d 
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Previously, excess-lithium storage property of various Li-active 

materials have been studied intensively, including ‘crystal-size effect’ 

[2.31], ‘reversible double-redox’ [2.46], and ‘anion-redox’ [2.47] 

mechanisms. However, realizing prolonged usage of excess-lithium 

storage for practical applications are not well established due to the rapid 

deterioration in sequential lithium cycling. We believe that our 

approaches can be generalized to the other materials for the development 

of cost-effective, stable and safe lithium-excess LIBs. 
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2.4 Conclusion 

In this article, we have characterized the effect of “constituent crystal 

size” and “hollow nanostructure” of anatase TiO2 materials, enabling us 

to achieve the excess lithium storage over the prolonged cycling. We 

found that a sequential phase transition (anatase 

TiO2→Li0.55TiO2→LiTiO2) takes place in the individual 5 nm 

constituent nanocrystals, and this transition can be maintained over 500 

cycles due to the significant decrease of irreversible capacity loss 

provided by the hollow nanostructure. Notably, this hollow 

nanostructure maintained the ‘crystal-size effect,’ thereby leading to a 

lithium storage capacity of 228 mAh g−1 over 100 cycles, which 

significantly exceeds the intrinsic kinetic limit of anatase TiO2 (i.e. 

180 mAh g−1). Furthermore, our result shows that excess Li storage in 

TiO2 hollow nanostructures with small sized constitute nanocrystals 

occurs through intercalation mechanism. Our designed approach verifies 

a viable way for excess-lithium storage in anatase TiO2 in long-term 

cycling, demonstrating the possibility of replacing graphite-based anode 

materials for the practical applications. 
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3. Photo-activation of single-atom Cu/TiO2 for 

enhanced photocatalytic hydrogen generation 

 

3.1 Introduction 

 

In enzyme catalysts, the specific interaction between the reactant, 

metal cofactor, and the mediating ligand determines their catalytic 

properties. Homogeneous catalysts have been designed for specific 

reactions based on this reversible and cooperative activation process. In 

heterogeneous systems, this interaction is not well controlled, hindering 

the delicate material design for different catalytic reactions. Here, we 

develop a designed synthetic process that enables high-performance 

TiO2 photocatalysts incorporating site-specific single Cu atoms (Cu/TiO

2) that resembles reversible and cooperative activation process of 

metalloenzymes. The synthetic strategy and corresponding atomic-level 

design of photocatalyst enables an unprecedented system that facilitates 

the valence control of cocatalyst Cu atoms, the reversible modulation of 

macroscopic material properties of TiO2, and significant enhancement of 

photocatalytic H2 production activity, falling apart from the boundaries 
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of conventional heterogeneous catalysts. 

Heterogeneous photocatalysts hold great potential for many 

environmental and energy applications including H2 production, water 

treatment, CO2 conversion and organic reactions [3.1-3.4]. The 

electronic band structures and interactions between cocatalysts and light 

absorbers should be investigated to achieve high selectivity and 

efficiency in various applications, together with the intrinsic light-

absorbance of the photocatalysts [3.5-3.10]. However, the atomic-level 

explanation on the mechanism during dynamic photocatalytic process 

remains elusive, because the coordination structure of cocatalysts and 

their interactions with light absorbers are difficult to control at the atomic 

level [3.11, 3.12]. Single atom catalysts (SACs), comprising isolated 

single atoms stabilized on the support, provide a representative platform 

because delicate catalyst design can be achieved by modulating the 

atomic coordination structure [3.13-3.20]. However, definitive 

identification of the local coordination structure and the corresponding 

dynamic catalytic process in realistic catalysis conditions is a great 

challenge even in the single atom catalysts (SACs) [3.13-3.15, 3.18-

3.20]. Here, we report on the design and synthesis of highly active SACs 

with well-dispersed copper atoms exclusively occupied in the most 
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stable Ti vacancies on the hollow TiO2 nanoparticles, and demonstrate 

heterogeneous photocatalyst undergoes reversible and cooperative 

photoactivation process during dynamic photocatalysis at atomic-level. 
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3.2 Experimental 

 

Materials. All reagents were used as received without further 

purification. Titanium(IV) n-butoxide (TBOT) was purchased from 

Strem Chemicals, Inc (Newburyport, MA 01950-4098, USA). Iron(III) 

chloride hexahydrate (FeCl3·6H2O), cobalt(II) chloride trihydrate 

(CoCl2·3H2O), nickel(II) chloride hexahydrate (NiCl2·6H2O), copper(II) 

chloride dihydrate (CuCl2·2H2O), rhodium(II) chloride hydrate 

(RhCl3·xH2O), tetraethyl orthosilicate (TEOS) and polyvinylpyrrolidone 

(PVP) (MW = 55,000) were purchased from Sigma Aldrich (St. Louis, 

MO, USA). Acetonitrile, anhydrous ethyl alcohol (purity = 99.9%), 

sodium hydroxide (NaOH) and ammonia solution (28 – 30 wt.%) were 

purchased from Samchun Chemical (Seoul, Korea).  

 

Synthesis of M/TiO2  

Synthesis of silica nanoparticles (SiO2 NPs) Spherical SiO2 NPs were 

synthesized by sol-gel reaction in a basic environment following the 

previously reported Stöber method. 0.86 mL of TEOS was added to a 

solution containing ethyl alcohol (23 mL), H2O (4.3 mL), and aqueous 
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ammonia (0.6 mL) at room temperature. The mixture was then 

vigorously stirred for 6 h. Reaction products were centrifuged, washed 

with water and ethyl alcohol, and dispersed in ethyl alcohol. 

Coating SiO2 NPs with TiO2 (SiO2@TiO2 NPs) SiO2 particles were 

coated with TiO2 following the previous method [3.38] with 

modifications. Prepared SiO2 particles were dispersed in 40 mL of 

anhydrous ethyl alcohol. Then, 14 mL of pure acetonitrile and 0.4 mL of 

ammonia (28–30 wt.%) were mixed with the SiO2 NP solution, which is 

referred to as Solution 1. The amount of aqueous ammonia in Solution 1 

critically affects the kinetics of the TiO2 coating. Solution 1 was 

sonicated for at least 10 min to obtain well-dispersed SiO2 NPs. 

Meanwhile, 0.8 mL of TBOT was dissolved in a mixture containing 6 

mL of anhydrous ethyl alcohol and 2 mL of acetonitrile (Solution 2). 

Solution 2 was added to Solution 1 and stirred for 3 h to coat the TiO2. 

The resulting white solution was centrifuged and washed with ethanol 

and water twice, respectively. Finally, SiO2@TiO2 NPs were dispersed 

in 40 mL of H2O. 

Transition metal atom adsorption on SiO2@TiO2 NPs 

(SiO2@M/TiO2) Metal chloride hydrates (FeCl3·6H2O, CoCl2·3H2O, 

NiCl2·6H2O, CuCl2·2H2O, and RhCl3·xH2O) were used as the metal 
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precursors. In this metal atom adsorption process, a calculated amount 

of metal chloride (4.0 mg) was added into the previously prepared 40 mL 

colloidal solution of SiO2@TiO2 NPs. Subsequently, the mixed colloidal 

solution was vigorously stirred for 3 h at room temperature. After stirring, 

the resulting material (SiO2@M/TiO2) was separated and washed with 

water by centrifugation. The metal ion adsorption changed the color of 

the resulting material (SiO2@M/TiO2) from white to that of the adsorbed 

metal ion (FeCl3·6H2O: yellow; CoCl2·3H2O: blue; NiCl2·6H2O: green; 

CuCl2·2H2O: light blue; and RhCl3·xH2O: orange).  

Coating SiO2 on SiO2@M/TiO2 NPs (SiO2@M/TiO2@SiO2 NPs): 

Wrap process The SiO2@M/TiO2 NPs above were dispersed in 40 mL 

of H2O. After adding PVP (0.4 g), the solution was stirred overnight to 

allow adsorption of PVP onto the surface of the SiO2@M/TiO2 NPs. After 

the PVP adsorption, the product was separated by centrifugation and re-

dispersed in a solution of ethanol (46 mL) and H2O (8.6 mL) by strong 

sonication for 10 min. 1.2 mL of aqueous ammonia (28–30 wt.%) and 

1.6 mL of tetraethyl orthosilicate (TEOS) were then added to the above 

solution. The instantaneous stabilization of metal atoms adsorbed on the 

surface caused a rapid color change within 10 s, followed by the 

formation of the SiO2 overlayer. After 4 h of reaction, the resulting 
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nanoparticles were washed with ethanol and water. The products were 

centrifuged, dried in air at 80˚C overnight and ground in a mortar to 

achieve uniformity. 

Redistribution of metal atoms (SiO2@M/TiO2@SiO2 NPs): Bake 

process To spatially confine the redistribution of metal atoms, the dry 

SiO2@M/TiO2@SiO2 NP powders were calcined at 900˚C for 2 h. The 

annealing was conducted in open air to supply sufficient oxygen for the 

redistribution process.  

Etching SiO2 to prepare M/TiO2 hollow nanoparticles (M/TiO2 

HNPs): Peel process For SiO2 etching, calcined SiO2@M/TiO2@SiO2 

NPs were dispersed in a 0.5 M NaOH solution. The dispersion was then 

heated to 90˚C with continuous stirring. After 6 h, the product was 

separated by centrifugation and washed with H2O and ethyl alcohol to 

yield the M/TiO2 solution. The products were dried in an electric oven at 

80˚C overnight and used for characterization and/or photocatalytic 

reactions. 

Preparation of bulk Cu/TiO2 reference To fabricate the bulk Cu/TiO2 

reference, the synthesis was performed in the same manner as the 

M/TiO2 HNP synthesis described above, but without using SiO2 as a 

template or coating layer. First, TiO2 was formed by the hydrolysis 



９９ 

 

reaction, followed by Cu ion adsorption onto the TiO2 surface and 

annealing at 900˚C for 2 h in air. The synthesized Cu/TiO2 reference was 

used for further characterization and/or photocatalytic reactions. 

 

Characterization of M/TiO2 

Electron microscopy measurements Transmission electron 

microscopy (TEM) imaging was conducted on a JEOL EM-2010 

microscope operated at 200 kV. Energy dispersive X-ray spectroscopy 

(EDS) was performed in scanning transmission electron microscopy 

(STEM) mode equipped with a single drift detector (X-MaxN, Oxford 

Instruments, UK). The field emission scanning electron microscopy 

(FESEM) imaging was conducted on a JEOL JSM-7800F-Prime 

microscope operated at 30 kV. The powder samples were deposited on a 

carbon tape and subsequently coated with platinum to increase 

conductivity before the characterization. EDS data were also collected 

for bulk Cu/TiO2 samples in SEM mode. 

Atomic resolution imaging on Cs-corrected STEM The atomic 

resolution imaging of Rh/TiO2 was performed using a spherical 

aberration-corrected JEM ARM-200F microscope (Cold FEG Type, 
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JEOL) equipped with an electron energy loss spectroscopy (EELS) 

detector (965 GIF Quantum ER, GATAN), installed at the National 

Center for Inter-University Research Facilities (NCIRF) at Seoul 

National University. The Rh/TiO2 sample was chosen for the analysis 

because only Rh exhibits a much stronger contrast than Ti in Z-contrast 

imaging [3.39], enabling direct atomic-imaging of Rh atoms. In the high-

angle annular dark-field (HAADF) STEM images, the point-to-point 

resolution was approximately 80 pm after the Cs-correction, and the 

angular range of the annular detector used was 68 mrad to 280 mrad. All 

STEM images were collected on a high-resolution (2k × 2k) CCD 

camera (UltraScan 1000, GATAN) at 80–200 kV. The simulations of 

HAADF STEM images were performed by using the MacTempasX 

(Total Resolution). The parameters for the simulation were set based on 

our experimental conditions and using a crystal thickness of 4 nm. For 

STEM-EELS at 80 kV, the energy dispersion was set as 0.25 eV/ch and 

the full width at half-maximum of the zero-loss peak in vacuum was 1.0 

eV. The convergence and collection semi-angles were 19 and 26 mrad, 

respectively. The Digital Micrograph software (GMS 3.2, GATAN) was 

used for image recording/processing, including Fourier filtering. 
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X-ray diffraction (XRD) characterization To characterize the crystal 

structures, XRD analysis was performed on a Rigaku D/MAX-2500H 

system employing Cu Kα radiation. The collected data were analyzed by 

pattern fitting using HighScore Plus software. 

X-ray absorption spectroscopy (XAS) measurements and data 

processing X-ray absorption fine structure (XAFS) was measured at 8C 

nano-probe XAFS beamline (BL8C) of Pohang Light Source (PLS-II) in 

the 3.0 GeV storage ring, with a ring current of 300 mA. The X-ray beam 

was monochromated by a Si (111) double crystal where the beam 

intensity was reduced by 30% to eliminate the higher-order harmonics. 

The X-ray beam was then delivered to a secondary source aperture where 

the beam size was adjusted to be 0.3 mm (v) × 1 mm (h). A high voltage 

(3000 V) was applied to ionization chambers which were filled with 

N2/Ar mixture gases to detect X-ray intensity. XAFS spectra were 

collected in both transmission and fluorescence modes. The obtained 

spectra were processed using Demeter software. Extended X-ray 

absorption fine structure (EXAFS) spectra were fitted in a Fourier-

transform range of 3 – 11 Å-1 with a Hanning window applied between 

1 Å and 3 Å. The amplitude reduction factor (So
2) was set to be 0.7 during 

the fitting.  
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Photocatalyst studies 

Photocatalytic activity measurements Photocatalytic hydrogen 

generation was measured in a gas-closed system with a quartz cell reactor. 

5 mg of TiO2 powder was dispersed by sonication in an 80 mL solution 

of water and methanol (volume ratio of 3:1), in which methanol acts as 

a hole scavenger. After evacuation with Ar gas for 20 min, the quartz cell 

reactor containing the sample was irradiated by a Xe lamp (MAX-302, 

Ashai Spectra). The light intensity was measured with a thermophile 

sensor (818P-001-12, Newport) and fixed at 100 mW cm-2 by controlling 

the distance between the reactor and lamp. The reactor was fan-cooled 

to prevent light irradiation from increasing the reactor’s temperature. The 

amount of hydrogen gas was determined by gas chromatography 

(iGC7200, DS Science) and a thermal conductivity detector. Apparent 

quantum efficiencies (AQEs) were measured using different band-pass 

filters (20BPF10-340 and 20BPF10-360, Newport), and the light’s 

incident power was measured using a UV silicon detector (918D-UV-

OD3R, Newport). AQEs were defined as 

AQE = 2 NH2 / NP    (1)  
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, where NH2 is the number of generated hydrogen molecules, and NP is 

the number of incident photons. For H2 evolution experiments, materials 

were heat treated at 950˚C to increase crystallinity. 

Characterization of photoactivated Cu/TiO2 A film-type sample was 

prepared for spectroscopic characterization of Cu/TiO2. A slurry of 

Cu/TiO2 and polyvinylidene fluoride binder dissolved in N-methyl-1,2,-

pyrrolidone was cast on various substrates (PET and Kapton polyimide 

films) and dried overnight in a vacuum oven. Each sample was dipped 

in a water/methanol solution and irradiated with light for 10 min in an Ar 

environment to photoactivate the sample. The reflectance of film was 

measured using a UV-visible/NIR spectrophotometer with an integrating 

sphere (V-770, JASCO). Photoluminescence spectra of the film were 

recorded at room temperature using an Edinburgh Instruments FLS 980 

spectrofluorimeter. The excitation wavelength was 300 nm, the scanning 

speed was 1200 nm min-1, and the width of the excitation and emission 

slits were both 5.0 nm. The XANES measurements were performed in 

fluorescence mode to characterize the photoactivation. Cu K-edge 

spectra were measured before and after 10 min of light irradiation. After 

light irradiation, the photoactivated Cu/TiO2 film (Kapton film) was 

placed in a closed cell on the incoming beam path. The cell was attached 
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to an Ar flow apparatus to maintain the Ar environment throughout the 

XANES measurement. Electron paramagnetic resonance (EPR) 

measurements were carried out at 5.7 K using Bruker EMX plus 6/1 

spectrometer operating in X-band (9.64 GHz) and 100 kHz magnetic 

field modulation (modulation amplitude: 10 G) equipped with a dual 

mode cavity (ER 4116DM). The temperature was controlled using an 

Oxford Instrument ESR900 liquid He cryostat with an Oxford ITC 503 

temperature controller. The spectra were recorded at 0.94 mW 

microwave power. Five scans were added for each spectrum. For EPR 

measurement, Cu/TiO2 powder was dispersed in aqueous methanol 

solution (5 mg ml-1). Aqueous methanol solution dispersions were 

examined in sealed quartz tubes after Ar bubbling for ‘before 

photoactivation sample’. Light was irradiated to the sealed quartz tube 

with Xenon lamp for 30 min for ‘after photoactivation sample’. For ‘after 

regeneration sample’, O2 gas was purged to the ‘after photoactivation 

sample’ for 30 min. All quartz tubes were frozen and stored at 77 K using 

liquid nitrogen before EPR measurement. 

 

Computational details on density functional theory (DFT) analysis 
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Geometry optimization and characterization of electronic structure 

During DFT calculations, geometry optimizations were performed by 

using the spin-polarized Perdew-Burke-Ernzerhof (PBE) exchange-

correlation functional [3.40] and the project augmented wave (PAW) 

method [3.41-3.42], which are implemented in the Vienna ab initio 

Simulation Package (VASP) 5.4.1[3.43-3.46]. The structures were 

optimized until the energy difference of the last two steps becomes 1×10–

3 eV, and Monkhorst-Pack 2×6×1 k-grid was employed for surface 

calculations. We then performed single-point calculations using the PBE-

optimized geometries by employing the recent version of Heyd-

Scuseria-Ernzerhof (HSE) hybrid functional [3.35] to obtain reliable 

electronic structures [3.36, 3.37]. 

Geometry optimization of various configurations The single atom 

catalyst formation energies of various configurations were calculated by 

using 2×1 supercell of anatase (101) surface. Kinetic energy cutoff for 

plane wave was set to be 450 eV. The single atom catalyst formation 

energy (EF) is defined as the sum of binding site preparation energy (EP) 

and single atom binding energy (EB). 

The binding site preparation energy (EP) [3.47] is defined as the defect 

formation energy of TiO2 by the elimination of one Ti atom 



１０６ 

 

𝐸𝐸𝑃𝑃 = 𝐸𝐸tot[Ti1−𝑥𝑥O2] − 𝐸𝐸tot[TiO2]− (−𝜇𝜇Ti) 

where the chemical potential of Ti, 𝜇𝜇Ti , is given with respect to the 

energy of its hexagonal close-packed bulk metal Ti such as 

𝜇𝜇Ti = 𝐸𝐸tot(Ti) + ∆𝜇𝜇Ti, 

the chemical potential of O is given with respect to the energy of an O2 

molecule such as 

𝜇𝜇O = 1 2⁄ 𝐸𝐸tot(O2) + ∆𝜇𝜇O, 

and the chemical potentials of Ti and O should satisfy the growth 

condition of TiO2 

∆𝜇𝜇Ti + 2∆𝜇𝜇O = ∆𝐻𝐻𝑓𝑓(TiO2) 

and the chemical potentials of Ti and O should satisfy the growth 

limitation condition of the phase boundaries between TiO2 and Ti2O3, 

∆𝜇𝜇Ti + 2∆𝜇𝜇O = ∆𝐻𝐻𝑓𝑓(TiO2) = −9.25eV (O-rich) 

2∆𝜇𝜇Ti + 3∆𝜇𝜇O = ∆𝐻𝐻𝑓𝑓(Ti2O3) = −14.62eV (O-poor) 

where ∆𝐻𝐻𝑓𝑓(TiO2)  and ∆𝐻𝐻𝑓𝑓(Ti2O3)  are the DFT-based formation 

energies of TiO2 and Ti2O3, respectively. Considering the experimental 

condition, all of the single atom catalyst formation energies were 
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calculated under the oxidizing (O-rich) condition where ∆𝜇𝜇O = 0 and 

∆𝜇𝜇Ti = −9.25eV. 

The single atom binding energy (EB) is defined as the energy that is 

necessary to introduce one Cu atom 

𝐸𝐸𝐵𝐵 = 𝐸𝐸tot[Cu TiO2⁄ ]− 𝐸𝐸tot[Ti1−𝑥𝑥O2] − 𝐸𝐸atom[Cu] 

Geometry optimization and characterization of electronic structure 

of Cu/TiO2 The characterization of electron localization and 

reorganization was performed by using 1×1 unit cell of anatase (101) 

surface. Kinetic energy cutoff for plane wave was set to be 500 eV. The 

band-decomposed partial charge density was visualized by using 

XCrysDen 1.5.60 [3.48]. The core-level shift of Cu 2p states was 

calculated based on the initial state approximation. 
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3.3 Results and discussions 

Distinct photoactivation process was observed in photocatalytic 

reaction condition on designed site specific single atom Cu/TiO2 

photocatalysts (Fig. 3.1). Interestingly, white Cu/TiO2 changed to black 

Cu/TiO2 upon light irradiation in aqueous methanol solution (3:1, v/v) 

under Ar atmosphere (Fig. 3.1a). The in situ formed black Cu/TiO2 

efficiently produces H2 under light irradiation and stably maintained the 

color under Ar atmosphere even after the light is turned off. The original 

white Cu/TiO2 can be obtained within a few minutes under O2 exposure 

without light irradiation, completing the reversible and cooperative 

photoactivation cycle.  

Overall process of the photoactivation cycle is depicted in Fig. 3.1b. 

Initially, single atom Cu/TiO2 is in inactive resting state (CT0 state). By 

absorbing light, photo-generation of electrons and holes changes CT0 

state into photo-excited CT1 state. Presence of d orbital of the single 

copper atoms between the bandgap of TiO2 facilitates the charge transfer 

of photo-generated electrons. Excess charge is neutralized by 

protonating nearby oxygen, which subsequently facilitate the valence 

control of redox-active single Cu atoms (CT2 state). Polarization field is 

induced due to the localized electron in the copper d orbital, resulting in 
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the lattice distortion of local TiO2 around single Cu atoms (CT3 state). 

The overall material characteristics including optoelectronic and 

catalytic properties are completely different in the resulting CT3 state. 

Photocatalytic H2 production is significantly enhanced in the CT3 state. 

Moreover, active black Cu/TiO2 is easily reversed to its original white 

Cu/TiO2 by exposing O2 for a few minutes in dark condition. This 

cooperative and reversible photoactivation between single Cu atom and 

nearby TiO2 falls apart from the conventional heterogeneous catalysts 

and shares fundamental similarities with that of metalloenzymes and 

related homogeneous catalysts [3.21-3.24].  
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Fig.3.1. Cooperative photoactivation cycle of Cu/TiO2. a, Photographs 

of Cu/TiO2 film in various states of photoactivation cycle. b, 

Photoactivation cycle of Cu/TiO2. Adapted from Ref. [3.49] 
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 We first conducted theoretical calculation for the design of site-specific 

single atom Cu/TiO2 photocatalyst. Density functional theory (DFT) 

studies identified the candidate binding sites that can stabilize Cu atoms 

on the (101) anatase TiO2 surface and determined the corresponding 

energetics of binding process, enabling the designed synthesis of SACs 

specifically in the vacancy-aided binding sites (Fig. 3.2). Using Born-

Haber cycle we simplified the formation energies of atomic catalysts (EF) 

that comprises the “binding-site preparation energy” for single metal 

atoms (EP) and the “single atom binding energy” of the existing binding 

site (EB); EF = EP + EB (Fig. 3.2b). We categorized candidate sites into 

two groups based on the calculated energy components: 1) that require 

Ep and 2) that do not (Fig. 3.2c). The 3 sites that does not need Ep (hollow 

site, bridge site, and atop Ti site) are categorized as ‘surface binding-

sites’. The other two binding-sites that do need Ep (Ti vacancy and O 

vacancy) are categorized as ‘vacancy aided binding-sites’ that need high 

external energy for the vacancy preformation. With the above DFT 

results, we concluded that the synthesis should be controlled by 

thermodynamic manner to enable binding single atoms exclusively in Ti 

vacancies. Thus, we performed the modified wrap-bake-peel process 

[3.25], which preserves inner-core materials by coating with a silica 

overlayer that restricts surface metal atom diffusion and allows for high-
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temperature heat treatment enabling incorporation of metal atoms 

exclusively in the Ti vacancies on TiO2 surface. A specified synthetic 

process of the modified wrap-bake-peel process is as follows (Fig.3.2d 

and Fig.3.3-Fig.3.6): 1) homogeneous coating of TiO2 on silica 

nanoparticles, followed by adsorption of metal atoms on TiO2 surface; 2) 

preserving inner-core particles with a SiO2 shell (wrap); 3) heat treatment 

at 900˚C for thermodynamic driving force (bake); and 4) etching of SiO2 

(peel). 
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Fig.3.2. Designing site-specific single atom photocatalyst. (a) Candidate 

binding sites for single metal atoms on TiO2 anatase (101) surface. (b) 

Born-Haber thermodynamic cycle for calculating SAC formation 

energies: the binding site preparation energy + the single atom binding 

energy. (c) Born-Haber energy components for possible single atom 

binding sites calculated using density functional theory (DFT). (d) The 

modified wrap-bake-peel process to synthesize single-atom Cu/TiO2 

photocatalysts. Adapted from Ref. [3.49] 
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Fig.3.3. The thermodynamic redistribution of spatially confined copper 

atoms in SiO2 protecting layer generates site-specific Cu/TiO2. (a) 

Schematic images and representative transmission electron microscope 

(TEM) images of (b) SiO2, (c) SiO2@TiO2, (d) SiO2@CuOx-TiO2@SiO2 

before annealing, (e) SiO2@Cu/TiO2@SiO2 after annealing, and (f) 

Cu/TiO2 obtained by SiO2 etching. Adapted from Ref. [3.49] 
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Fig.3.4. Representative TEM images of TiO2 surface with varying 

reaction times of SiO2 overlayer coating: (a) 0.5 h, (b) 2 h, and (c) 4 h. 

SiO2 seeds on the TiO2 surface provide nucleation sites for further SiO2 

overlayer growth (a). The SiO2 overlayer grows continuously (b). After 

4 h of coating, the thickness of the SiO2 overlayer is maximized at 

approximately 30 nm (c). Adapted from Ref. [3.49] 
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Fig.3.5. Representative TEM images of Cu/TiO2 with varying SiO2 

etching times: (a) 1 h, (b) 2 h, and (c) 6 h. At least 6 h is needed to etch 

off the SiO2 fully. When SiO2 was not fully etched, SiO2 can be seen (a) 

inside or (b) on the Cu/TiO2. As a result of SiO2 etching, hollow 

structures are partly fractured, thereby resulting in some fragmented 

TiO2 (as indicated by the white arrow in c). The surface of Cu/TiO2 

remains crystalline either as fragmented or intact crystals on the hollow 

structure. Adapted from Ref. [3.49] 
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Fig.3.6. High-resolution TEM image (a) and the selected area diffraction 

pattern (SAED) (b) of Cu/TiO2. TEM image and SAED pattern confirm 

crystalline anatase structure of 5 nm-sized primary nanocrystals in 

Cu/TiO2. Adapted from Ref. [3.49] 
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Well-synthesized Cu/TiO2 photocatalysts consisting of ~ 5 nm TiO2 

nanocrystals can be observed with the images of high and low-resolution 

transmission electron microscopy (HRTEM) (Fig. 3.7a and 3.7b). In 

contrast, severe aggregation is observed without the SiO2 shell protection 

(Fig. 3.8). Energy dispersive X-ray spectroscopy (EDS) analysis in 

scanning transmission electron microscopy (STEM) mode also 

corresponds to the homogeneous dispersion of copper metal atoms 

without aggregation (Fig. 3.7c). X-ray diffraction (XRD) analysis further 

supports these observations, showing no diffraction pattern except for 

the pattern of anatase TiO2 (Fig. 3.9). 

The X-ray absorption near edge structure (XANES) spectroscopy 

shows an absorption edge energy at 8996.3 eV and a small shoulder at 

8989.3 eV in the initial white Cu/TiO2 film, which are typical 

characteristics of Cu2+ (Fig. 3.7d). The Ti K edge spectrum in extended 

X-ray-absorption fine-structure (EXAFS) analysis reveals the presence 

of two characteristic distances of Ti-O and Ti-Ti in the crystalline anatase 

phase (Fig. 3.7e). The EXAFS spectra of the Cu K edge is very similar 

to that of the Ti K edge (Fig. 3.7e), indicating that the metal atoms are 

located in the Ti sites, and no characteristic peak corresponding to 

metallic bonding was observed, which is corroborated by the XRD data. 
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The site-specific configuration results in not only a main peak 

corresponding to the direct binding of copper atoms and lattice oxygen 

(Cu-O), but also a minor peak indicating the local TiO2 environment (Cu-

Ti) around the isolated copper. The local coordination environment was 

then investigated by EXAFS curve-fitting analysis. The best-fitting 

curve shows that the first peak originates from the first Cu-O shell 

coordination, whereas the minor second peak originates from the Cu-Ti 

contribution (Fig. 3.7e, Figs. 3.10 and 3.11).  
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Fig.3.7. Characterization of single atom catalysts. Representative low (a) 

and high (b) magnification TEM image of Cu/TiO2 (scale bar = 100 nm 
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(a), 10 nm (b)). (c) STEM-EDS elemental mapping of Cu/TiO2 (scale bar 

= 250 nm). (d) Cu K-edge XANES spectra of Cu/TiO2. (e) EXAFS 

spectra and analysis of Cu/TiO2 at Ti and Cu K-edges. (f-j) Atomic-level 

characterization of Rh/TiO2 in [100] direction. (f) Simulated HAADF-

STEM image of anatase TiO2. Inset indicates corresponding unit cell 

structure of anatase TiO2. Cs-corrected HAADF STEM. (g) raw and (h) 

filtered image and corresponding (i) fast Fourier transform pattern of 

Rh/TiO2. Isolated Rh atoms in Ti vacancies are marked as circle in (g) 

and arrow in (h). j, XY line scan profile measured from (g). Adapted from 

Ref. [3.49]  
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Fig.3.8. Representative SEM image (a) and EDS mapping (b) of bulk 

Cu/TiO2 prepared without SiO2 as either a template or a protection layer. 

Severe aggregation of Cu/TiO2 occurred when Cu/TiO2 was annealed at 

the high temperature (900 ˚C), resulting in micrometer-sized poly-

dispersed particles. Adapted from Ref. [3.49] 
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Fig.3.9. XRD patterns of bare TiO2 and various M/TiO2. Adapted from 

Ref. [3.49] 
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Fig.3.10. Cu K-edge EXAFS analysis of Cu-O and Cu-Ti contributions 

in Cu/TiO2. Adapted from Ref. [3.49] 
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Fig.3.11. k3 weighted extended X-ray absorption fine structure (EXAFS) 

data of various M/TiO2 samples. Collected k space data and the best 

fitting results of (a) Ti K-edge for TiO2, (b) Co K-edge for Co/TiO2, (c) 

Fe K-edge for Fe/TiO2, (d) Ni K-edge for Ni/TiO2, (e) Cu K-edge for 

Cu/TiO2, and (f) Rh K-edge for Rh/TiO2. The circles represent collected 

data, and the red line represents the fitting curve. Theoretical models for 

the EXAFS fit were constructed by adding shells of atoms around the 
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central atom in the anatase TiO2 structure. Detailed results are 

summarized in Table 3.1. Because of the atomic size differences between 

various metal atoms and the Ti atom, the bonding lengths of M-O and 

M-Ti vary slightly in each metal species. Adapted from Ref. [3.49] 

  



１２７ 

 

Various site-specific SACs with various single metal atoms including 

Fe, Ni, Co, Rh, and Rh exclusively stabilized in the Ti vacancies of 

hollow TiO2 nanoparticles can be produced through this modified wrap-

bake-peel process. (Fig.3.12-3.16, Table 3.1).  
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Fig.3.12. Representative SEM images of various M/TiO2. The M species 

in the images above are (a) Fe, (b) Co, (c) Ni, (d) Rh, (e) Cu, and (f) Co 

and Ni, respectively. Adapted from Ref. [3.49] 
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Fig.3.13. Representative low-magnification TEM images of various 

M/TiO2. The M species in the images above are (a) Fe, (b) Co, (c) Ni, (d) 

Rh, (e) Cu, and (f) Co and Ni, respectively. Adapted from Ref. [3.49] 
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Fig.3.14. Representative high-magnification TEM images of various 

M/TiO2. The M species in the images above are (a) Fe, (b) Co, (c) Ni, (d) 

Rh, (e) Cu, and (f) Co and Ni, respectively. Adapted from Ref. [3.49] 
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Fig.3.15. Representative STEM-EDS elemental mapping data of M/TiO2. 

The M species in the images above are (a) Co, (b) Fe, (c) Ni, (d) Cu, and 

(e) Rh, respectively. Adapted from Ref. [3.49]  
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Fig.3.16. EXAFS spectra and their best fits of M/TiO2 at various M K-

edges. These result indicate our synthetic strategy can be generalized to 

a variety of metal atoms to achieve stable incorporation exclusively in Ti 

vacancies. Adapted from Ref. [3.49] 
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Table.3.1. Detailed information on M-O and M-Ti contributions from 

EXAFS fitting. Adapted from Ref. [3.49] 
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High-angle-annular-dark-field (HAADF) STEM studies were 

conducted on the Rh/TiO2 photocatalyst for direct imaging of local 

atomic coordination of single atoms, because Rh atoms show 

significantly stronger contrast compared to Ti atoms (Fig.3.7f-j and 

Fig.3.17-3.21). Bright contrast spots were only observed on the Ti atomic 

low, which confirms the Rh atoms are exclusively located on the Ti 

vacancy (Fig.3.7g-h and 3.7j). Other Rh atomic structures were not 

observed (Fig.3.17-3.21). We further performed electron energy loss 

spectroscopy (EELS) to confirm that bright contrast spots are indeed 

single Rh atoms (Fig.3.21). The result of Cs-corrected STEM imaging at 

atomic resolution were consistent with the EXAFS analysis, confirming 

the homogeneous distribution of metal atoms exclusively in Ti vacancy. 
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Fig.3.17. High angle annular dark field (HAADF) Cs-corrected scanning 

transmission electron microscope (Cs-STEM) images of Rh/TiO2. Rh 

metal or other Rh species were not observed. Adapted from Ref. [3.49] 
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Fig.3.18. High angle annular dark field (HAADF) Cs-corrected scanning 

transmission electron microscope (Cs-STEM) image of Rh/TiO2. The 

image shows the homogeneous distribution of Rh atoms. Contrast points 

are marked with arrow indicating the isolated Rh atoms. Adapted from 

Ref. [3.49] 
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Fig.3.19. Atomic resolution Cs-corrected HAADF STEM images of 

Rh/TiO2 in [001] (a) and [100] (b) directions of anatase TiO2. Red dotted 

circles mark isolated Rh atoms and yellow dotted lines represent atomic 

rows of Ti, respectively. Adapted from Ref. [3.49] 
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Fig.3.20. Atomic-resolution Cs-corrected HAADF STEM images of 

Rh/TiO2, showing that there is no other Rh atomic configuration. The 

white dotted line shows the clean surface structure of the prepared 

Rh/TiO2 catalyst. Contrast points are circled and are consistent with the 

image of isolated Rh atoms in site-specific Ti vacancies. Adapted from 

Ref. [3.49] 
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Fig.3.21. Electron energy loss spectroscopy (EELS) characterization of 

Rh/TiO2. (a) Images and spectroscopic data represent areas (b) with Rh 

and (c) without Rh atoms. Adapted from Ref. [3.49]  
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 Photocatalytic H2 production reaction was performed on aqueous 

methanol solution as a model reaction (Fig. 3.22a and b). All the 

designed SACs with stabilized Co, Fe, Ni, Cu and Rh atoms (0.75 wt.%) 

exhibited higher photocatalytic H2 production rate than pure TiO2 (Fig. 

3.22a). Cu/TiO2 and Rh/TiO2 showed significantly enhanced 

photocatalytic activities with factors of 34.0 and 26.6 when compared to 

pure TiO2, respectively. Therefore, Cu/TiO2 SACs were chosen for 

further photocatalytic mechanism studies. The H2 production rate 

sharply increased from 0.49 mmol g-1h-1 to 2.36 mmol g-1h-1 even when 

very small Cu atoms (0.05 wt.%) were introduced (Fig.3.23). The highest 

H2 production rate of 16.6 mmol g-1h-1
 were obtained at 0.75wt.% Cu 

atom loading (Fig.3.22b). This H2 production was stable without 

decrease in the photocatalytic H2 production rate during 20 h H2 

production (Fig.3.22c). The apparent quantum efficiency (AQE) of the 

most active 0.75wt.% Cu/TiO2 were calculated to be 45.5% at 340 nm, 

which far exceeds the AQE of the state-of-the-art TiO2 photocatalysts 

loaded with non-noble metal cocatalysts (4–17 %, Table 3.2).  

UV-vis absorption spectra were completely different between resting 

state and active state samples as observed by the distinct differences in 

color. (Fig.3.22d). Bandgap transition of anatase TiO2 and d-orbital 
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transition of Cu atoms were observed on resting state CT0 sample with 

a sharp onset at approximately 390 nm and a broad band at 700 nm (black 

curve in Fig. 3.22d). Extremely strong absorption was observed in the 

whole measured UV and Vis range on active state CT3 sample (300-800 

nm) (red curve in Fig. 3.22d). This absorption extension of anatase TiO2 

in the whole visible region is distinctive, even compared to the 

extensively studied hydrogenated black TiO2 materials that were 

synthesized under harsh conditions, by inducing the irreversible surface 

structural distortion [3.26-3.30]. Interestingly, our sample was reversibly 

controlled by photoactivation process without any harsh reaction 

condition.  

Photocatalytic activity was distinctively different between the status 

of the sample. Photocatalytic H2 production sharply increased in the 

initial 10 min of UV irradiation and remained constant afterwards (Fig. 

3.22e). The time range of the enhancement of the H2 evolution rate (~ 10 

min) well matched with the color change of the film. Notably, the 

photoluminescence result of the initial CT0 state sample (black line in 

Fig. 3.22f) showed similar spectrum when compared to that of pure TiO2 

(blue line in Fig. 3.22f). This observation suggests that efficient 

separation of electron-hole pairs does not occur before the 
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photoactivation. In contrast, PL spectra of the CT3 state sample (red line 

in Fig. 3.22f) significantly decreased, confirming that the initial white 

Cu/TiO2 (CT0, resting state) is inactive and that the photoactivated black 

Cu/TiO2 (CT3, active state) is responsible for the exceptional 

photocatalytic H2 evolution activity.  
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Fig.3.22. Photocatalytic H2 generation activity and spectroscopic 

characterization of Cu/TiO2. (a) Rate of photocatalytic H2 generation of 

M/TiO2 (0.75 wt.%) depending on the type of cocatalyst. (b) Rate of 

photocatalytic H2 generation of Cu/TiO2 depending on the loading 

amount of Cu. (c) Cyclic measurements of photocatalytic H2 generation 

of Cu/TiO2 (0.75 wt.%), showing the stable activity. (d) Spectral 

absorbance change of Cu/TiO2 before (black line) and after (red line) 10 

min of light irradiation (0.75 wt.% Cu/TiO2 sample). (e) Comparison of 

the photocatalytic H2 evolution rate of Cu/TiO2 at first 5 min (black 

dotted circle) and afterwards (red dotted ellipse). (f) Photoluminescence 

spectra of bare TiO2 (blue line), Cu/TiO2 before (black line) and after 

(red line) 10 min of light irradiation. Adapted from Ref. [3.49] 
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Fig.3.23. (a) Photocatalytic H2 generation using the Cu/TiO2 with 0.05 

wt.% of Cu loading, and (b) its XPS data. Even this very small amount 

of Cu loading, significantly enhanced photocatalytic H2 generation was 

achieved. The amount of H2 generated is 2.36 mmol g-1h-1, which is 4.8 

times higher than bare TiO2 (0.49 mmol g-1h-1). Because the amount of 

loaded Cu is below the XPS detection limit (typically around 0.1 wt.%), 

the Cu 2p peak is absent in the XPS spectrum. Adapted from Ref. [3.49] 

  



１４５ 

 

 

Table.3.2. Comparison of photocatalytic activity in hydrogen production 

on recent TiO2-based photocatalysts. Adapted from Ref. [3.49] 
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 The redox activity of isolated copper atoms during the photoactivation 

cycle was observed by XANES characterization. When UV light was 

irradiated on the CT0 state sample, a distinct peak on 8982.1 eV was 

developed, simultaneously with the decrease of the main peak at 8996.3 

eV (Fig. 3.24a), showing that the oxidation state of the copper atom is 

reduced by photo-excited electrons. When the CT3 state sample was 

exposed to O2 for a few minutes, XANES spectra recovered to its 

original shape as shown in Fig. 3.24b.  

The valence state of both Cu and Ti during the photoactivation cycle 

were further characterized by low temperature electron paramagnetic 

resonance (EPR) (Fig. 3.24c and Fig. 3.25). Characteristic Cu2+ signal 

was observed on the EPR result of the initial CT0 state sample (g∥ = 

2.33, g⊥ = 2.07) [3.31]. CT3 state sample shows 2 differences in the EPR 

spectra. Characteristic Cu2+ signal was completely absent. Combined 

EPR and XANES analysis suggest that Cu2+ is reduced to EPR silent 

Cu1+ in the photoactivation process. A new peak appeared at geff = 1.93, 

which well matched with the reported paramagnetic Ti3+ [3.32]. Finally, 

by exposing O2 on the CT3 state sample for the regeneration, EPR 

spectra returned to the initial CT0 spectra.  
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Considering O2 acts as an oxidation agent to regenerate the CT3 state, 

the potential products of O2 can be H2O, peroxide, and superoxide. Water 

soluble tetrazolium salt (WST-1) and titanium (IV) sulfate were used to 

detect superoxide and peroxide, respectively [3.33, 3.34]. When 

superoxide reacts with WST-1, WST-1 formazan is formed which 

exhibits broad absorption at 400 – 500 nm. Similarly, H2O2 can be 

detected with titanium sulfate by forming pertitanic acid (H2TiO4) that 

shows broad absorption around 400 nm. WST-1 formazan was detected 

from UV-Vis absorption spectrum demonstrating O2 works as an 

oxidation agent to regenerate CT3 state sample (Fig. 3.24d). Absorption 

spectra of H2TiO4 around 400 nm was absent, that suggests H2O2 is not 

formed (Fig. 3.26). These colorimetric results suggest that the single 

electron transfer (SET) between O2 molecules and surface of CT3 sample 

completes the regeneration process.  
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Fig.3.24. Characterization of Cu/TiO2 photoactivation cycle mechanism 

through spectroscopic analysis. (a) Cu K-edge XANES spectra of 

Cu/TiO2 before (black line, identical to Fig. 3d) and after (red line) 10 

min of light irradiation. (b) Cu K-edge XANES spectra of Cu/TiO2 after 

photoactivation (red line) and after regneration (blue line) by O2 purging. 

(c) Low temperature X-band EPR spectra of Cu/TiO2 in various states. 

(d) Difference in absorbance spectra between the WST-1 solution with 

resting Cu/TiO2 and WST-1 solution with regenerated Cu/TiO2 by O2 

purging. Adapted from Ref. [3.49] 
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Fig.3.25. Low temperature X-band EPR spectra of Cu/TiO2 (a) before 

and (b) after photoactivation. Adapted from Ref. [3.49] 
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Fig.3.26. Colorimetric hydrogen peroxide detection analysis using 

titanium sulfate during the regeneration process. Adapted from Ref. 

[3.49] 
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 Hybrid DFT calculations provide crucial insight on predicting precise 

electronic structures of TiO2
 [3.35-3.37]. DFT calculations using hybrid 

functionals further elucidate that Cu atom in Ti vacancy possesses mid-

gap levels with Cu dx2-y2 and dz2 orbitals in between the bandgap of 

anatase TiO2 (Fig. 3.27a and 3.27b). When photo-excited (Fig. 3.27c, 

left), the localization of photo-generated electron into the Cu dz2 state is 

favored which reduces the oxidation state of Cu atom (Fig. 3.28a) An 

additional H+ adsorption on the nearby O atoms is required to balance 

the surface charge (Fig. 3.27c, middle). Notably, the photo-excited 

electron on the pure TiO2 surface remains delocalized in the CB of 

anatase TiO2, rather than being localized at the Ti center due to the 

absence of Cu atomic center (Fig. 3.28b). Because the Cu dz2 orbital has 

an axial anti-bonding character, electron localization at this level initiates 

the lattice distortion by compelling the elongation of backside oxygen 

coordination (1.959 Å to 2.113 Å, Fig. 3.27c, right). Consequently, we 

demonstrated that isolated single copper atoms act as a redox-active 

metal cofactor that reversibly control local TiO2 lattice during the 

dynamic photocatalysis. 
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Fig.3.27. Role of isolated Cu atoms in the cooperative interplay of Cu 

and TiO2. (a) DFT-calculated band structure of Cu/TiO2 with the Fermi 

level set to zero, and the band-decomposed partial charge density of the 

mid-gap states. The red solid line and the blue dashed line show the up 

and down spin states (marked as red and blue arrows) for each band, 

respectively. (b) Atomic structure of Cu/TiO2 showing dx2-y2
 (right) and 

dz2 (left) orbitals of Cu atom. (c) Schematics of the photo-excitation 

process of (left) the photo-electron generation, (middle) its localization 

to the Cu dz2 anti-bonding state along with surface protonation, and (right) 
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local structural distortion. Top panels show the DFT-optimized structure 

for each step. Adapted from Ref. [3.49] 
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Fig.3.28. Band structure analysis of Cu/TiO2 and pristine TiO2. (a) DFT-

optimized structures and band structures of Cu/TiO2 before light 

activation (left) and after light activation and proton capture (right), 

where the Fermi level is set to zero. Atoms are colored grey for Ti, red 

for O, navy for Cu(II), and green for Cu(I), respectively. The change in 

the oxidation state of Cu was confirmed by the –1.33 eV shift in the core 

level binding energy of the Cu 2p state in Cu/TiO2 (from 919.61 eV to 

918.29 eV). (b) DFT-optimized structures and band structures of TiO2 

surfaces in a pristine state (left) and modified with an additional electron 

and a surface proton (right). The additional electron is delocalized at the 

conduction band of the TiO2 surface, which significantly elevates the 

Fermi level. The red solid line and the blue dashed line show the up and 

down spin states for each band. Adapted from Ref. [3.49] 
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Fig.3.29. Reversible and cooperative photoactivation of Cu/TiO2. 

Schematics of cooperative photoactivation of Cu/TiO2. Site-specifically 

isolated Cu atom act as a redox-active metal cofactor that reversibly 

tunes local TiO2 lattice during dynamic photocatalysis. Macroscopically, 

during the photocatalytic H2 generation, white TiO2 (resting state) 

becomes black (active state), which can be reversed. This change in 

optoelectronic properties and enhanced photocatalytic activity are 

closely related to valence state change of isolated Cu atoms. Adapted 

from Ref. [3.49] 
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3.4 Conclusion 

  Our experimental demonstrations and theoretical studies give 

explanations on how isolated Cu atoms affect the dynamic photocatalytic 

H2 production. The reversible and cooperative photoactivation process is 

as follows: 1) the oxidation state of the single Cu atoms is changed by 

the atomic-level localization of photo-excited electrons. 2) the redox 

activity of single Cu atoms induces the lattice distortion on the adjacent 

TiO2, thereby modulating the dormant TiO2 to active state with 

significantly increased photocatalytic performance (Fig. 3.29). Our 

result unravels that the intra-communications of atomic catalysts and 

adjacent crystal structures of heterogeneous catalyst has significant 

influence on overall material properties including catalytic activity, 

implying that atomistic cooperative interaction in heterogeneous 

catalysts are fundamentally similar with that of metalloenzymes and 

homogeneous catalysts. 
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국문 초록 (Abstract in Korean) 

이산화티타늄은 세계에서 가장 많이 연구된 전이 금속 산화물 

중 하나이다. 이산화티타늄은 20 세기 초 산업화로 대량생산이 

가능해진 이후 환경친화성, 저렴한 생산 가격, 뛰어난 물질 

안정성과 같은 특징을 지닌 이산화티타늄은, 자외선 차단제, 

색소, 치약, 식품착색제, 그리고 개인미용용품 등 많은 

분야에서 광범위하게 사용되어 왔다. 이러한 응용분야에서 

사용된 이산화티타늄은 마이크로미터 (um) 범위에 한정되어 

왔다.  

흥미롭게도, 이산화티타늄 입자의 크기가 나노미터 (nm) 

범위에 접어들게 되면, 그 이상의 스케일에서 보이지 않던 

새로운 특성들이 나타나게 된다. 새로운 특성들 중 가장 

흥미로운 특징은 이산화티타늄 입자의 리튬저장 능력과 

광촉매 성능이 입자크기가 나노미터에 접어들게 되면서 

굉장히 향상된다는 점이다. 이러한 이산화티타늄의 뛰어난 

리튬저장능력과 광촉매 성능은 이산화티타늄을 친환경적 

에너지 전환 및 저장 매체로 사용할 수 있게 하는 큰 
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원동력이 된다. 그러나 이미 대형화가 이루어진 기존 

마이크로미터 스케일에서의 이산화티타늄 산업과는 다르게, 

나노미터 스케일로 발생하는 에너지 전환 및 저장 매체로서의 

이산화티타늄 산업은 아직 초기상태에 머물고 있다. 그 이유는 

이산화티타늄 나노입자에서 발생하는, 리튬 저장과 광촉매 

현상의 메커니즘이 나노미터 스케일에서 어떻게 진행하는지 

알려져 있지 않기 때문이다. 만약 이러한 정보들이 적절하게 

제공된다면, 이산화티타늄 기반 물질들은 이미 대형화가 

이루어진 이산화티타늄 산업에 힘입어, 에너지 전환 및 저장 

매체로서 새로운 응용 분야에 완전히 적응할 수 있을 것이다. 

이러한 관점에서, 나는 박사과정 동안 리튬저장과 광촉매 

현상이 이산화티타늄 나노입자에서 어떻게 발생하는지 

원자수준에서 이해하고자 노력하였다. 그 결과로서 이번 

논문에서는, 첫째로 이산화티타늄 나노구조를 엔지니어링 하는 

것이 어떻게 이산화티타늄의 한계리튬저장 성능을 이끌어내고, 

이를 장기성능으로 유지하는지 증명한다. Anatase 상을 지니는 

이산화티타늄 내의 리튬 저장은 기존에 단일 상 변화 

(TiO2→Li0.55TiO2) 에 의해 일어난다고 알려져 있다. 그러나 
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이산화티타늄의 낮은 리튬확산속도로 인해, 많은 리튬 저장은 

활동적으로(kinetically) 제한되어 왔다. 이산화티타늄 

나노구조에 대한 연구가 시작되며, 이러한 활동적 제한 

한계까지 장기적으로 리튬을 저장할 수 있는 방안들이 

제시되었지만, 이러한 활동적 제한을 넘어 실제 

이산화티타늄의 이론적 리튬 저장 한계까지 리튬을 저장하는 

방법은 보고되지 않았다. 나는 속이 빈 이산화티타늄 

나노구조를 만들었고, 연이은 두개의 상 변화 

과정(TiO2→Li0.55TiO2→Li1TiO2)을 통해 이론적 리튬 저장 

한계까지 리튬을 가역적으로 그리고 장기간 이산화티타늄 

격자 구조 내에 리튬 저장이 가능하다는 것을 보였다. 

이산화티타늄 나노 구조의 입자 크기와, 속이 빈 나노 구조의 

형태를 동시에 조절하며, 이산화티타늄 나노구조 내로 리튬이 

저장되는 메커니즘을 관측한 결과, 미시적(원자 수준) 

관점에서 이산화티타늄 격자 구조 내로 리튬이 어떻게 

저장되는지 발견하였고, 이를 이용하여 이론적 리튬 저장 

한계를 장기간 유지할 수 있는 방법을 보고하였다.  
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그 이후 나는 여러가지 특정한 원자구조를 지니는 단원자 

촉매가 담지 된 이산화티타늄 나노 입자를 통해 가역적 이고 

상호협동적인 광 활성화 과정이 불균일촉매 (heterogeneous 

catalyst) 에서 발생할 수 있음을 보였다. 이산화티타늄 위의 

광촉매 수소 형성은 지난 30 년간 굉장히 많이 연구되어 

왔지만, 실제 수소 형성이 이산화티타늄 표면에서 어떻게 

발생하는지에 대해서는 밝혀지지 않았다. 최근, 

단원자촉매라는 개념이 새로 형성되며, 담지체 (support) 위에 

담지 된 단원자 들이 촉매의 활성점으로 굉장히 활동적으로 

작용할 수 있다는 결과가 발견되었다. 이러한 단원자촉매의 

단일 원자구조로 이루어진 장점을 이용하여, 나는 여러 종류의 

특정 원자 구조를 지니는 단원자/이산화티타늄 광촉매를 

합성하였다. 이러한 촉매 디자인을 통해, 효소와 

균일촉매(homogeneous catalyst)만이 지니었다고 알려져 있던 

가역적이고 상호협력적인 광 활성화 과정이 실제로는 불균일 

촉매에서도 원자수준에서 일어날 수 있음을 증명하였다. 이 

부분에서, 이 논문은 원자 촉매와 주변 이산화티타늄 격자 

구조의 상호 작용은 물질 전체의 특성 자체를 바꿔버릴 수 
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있음을 증명한다. 이러한 특성은 가역적 그리고 상호협력적 

상호작용이 효소나, 균일촉매에서와 같이 불균일 촉매에서도 

동일하게 일어난다는 것을 증명하였다.         

 

주요어 : 리튬이온전지, 광촉매, 수소 생산, 이산화티타늄 

나노재료, 에너지 저장, 에너지 전환 
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