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Abstract 

In the past decade, two-dimensional (2D) nanomaterials have drawn significant 

interests due to its salient physical, chemical and electronic properties aroused by the 

confined thickness and large surface area. Ultrathin two-dimensional (2D) 

nanomaterial is a big family representing a promising type of nanomaterials that 

possess sheet-like mophologies with only single- or few-atoms thickness. With such 

excellent features endowed by 2D structural characteristics, 2D nanomaterials have 

been proven to be successfully applied in a wide range of areas, including 

photocatalysis, electrocatalysis, energy storage and conversion devices, water splitting 

and so on. 

In this thesis, the design of 2D TiO2 based nanomaterials for sustainable 

applications such as photocatalysis, electrocatalysis, rechargeable batteries and bio-

inspired applications are discussed in detail. Three research works “structure-induced 

charge unsaturation and wide-band light adsorption for enhanced photocatalytic 

performance”, “strongly interfacial-coupled 2D-2D TiO2/g-C3N4 heterostructure for 

enhanced visible-light induced synthesis and conversion” and “2D-TiO2 nanosheets as 

substrates for Pt photocatalyst” are presented respectively. 

Given their unique structural characteristics, superior properties and potential 

applications, 2D nanomaterials have become one of the most popular research hotspots 

in various fields. We believe that the research and investigations on 2D nanomaterials 

is of great significance for the further development of this promising field. 
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Chapter 1. Introduction 

This thesis mainly focuses on the design of 2D TiO2-based nanomaterials for 

sustainable application such as photocatalysis, electrocatalysis, rechargeable batteries 

and bio-inspired applications. The emphasis of this thesis has been put on the design 

and synthesis of a serious of 2D nanomaterials including 2D-TiO2, 2D-Co3O4, 2D-

MnO2, 2D-Fe3O4, g-C3N4 and the derived hybrids or compounds based on such 2D 

nanomaterials. The as-prepared 2D nanomaterials or 2D-based compounds have been 

characterised and applied in different sustainable applications and showed superior 

properties in photocatialysis, electrocatalysis or rechargeable batteries. 

This chapter firstly outlines the background (section 1.1). Then the objectives 

and problems of the research are proposed in section 1.2. Section 1.3 further describes 

the significance and scope of this research. Finally, section 4 includes an outline of the 

remaining chapters of the thesis. 

1.1 Research Background 

 In the past decade, two-dimensional (2D) nanomaterials have drawn significant 

interests due to its salient physical, chemical and electronic properties aroused by the 

confined thickness and large surface area.[1-3] With such excellent features endowed 

by 2D structural characteristics, 2D nanomaterials have been proven to be successfully 

applied in a wide range of areas, including photocatalysis, electrocatalysis, energy 

storage and conversion devices, water splitting and so on.[4-7] 2D metal oxides have 

been playing an important role in the family of 2D nanomaterials, as most of them are 

semiconductors and exhibit unique band structures which show great potential for 

optoelectronic devices and solar energy harvesting and conversion applications.[8-10]  
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Although extensive research progress has been achieved in the field of 2D 

nanomaterials, such as the development of different synthetic methods, discovery of 

their structures and properties, and exploration of their potential applications, 

challenges still remain.[11,12] Great efforts on pursuing precise control over their 

structures and properties and then realization of their practical applications never stop. 

Specifically, how to improve the existing synthetic approaches or develop new 

synthetic methods for scale-up production of 2D nanomaterials still requires great 

research efforts.[13] Besides, obtaining precise control over their compositions, 

thicknesses, lateral sizes, crystal phases, doping, defects, strains, vacancies and surface 

properties becomes increasingly important to unveil the correlations between the 

structural features and properties.[14, 15] Significantly, recent years have witnessed 

great research efforts in the interface, defect and crystal-phase engineering of 2D 

nanomaterials.[16-18] In addition, integration among various 2D nanomaterials to 

realize synergistic effects also deserves more research focus.  

To better utilize the visible range of the solar spectrum for the photocatalytic 

reactions, modifying the chemical state and electronic structure of the catalysts has 

been identified as a desirable strategy.[19-21] Therein, the most important route is to 

introduce defects into the lattice structures of the catalysts by doping heteroatom 

elements or creating intrinsic vacancies.[22-25] Such defect center acting as an 

electron donor or acceptor can effectively adjust the electronic states of the catalysts, 

making the activated carries better contribute to the redox reactions.[26, 27] However, 

on the other hand, the created defects could also act as recombination centers for the 

excited charge carriers, which will lower the utilizing efficiency of the charge and 

result in relatively low catalytic activities.[28, 29] In addition, it is also challenging to 

incorporate dopants or vacancies into highly-crystalized catalytic materials by mild 
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synthetic methods and conditions, thus making the synthetic process less cost-

effective.[30] Engineering the compressive strain of the catalyst surface is believed to 

be another effective way to realize some unconventional electronic structures and 

improve the catalytic performance of catalysts.[31] It is reported that the engineering 

of surface strain on the catalyst could result in different binding behavior between the 

oxygen species and the catalyst surface during the reaction process.[32, 33] 

Nevertheless, such strain engineering are usually constructed on the basis of ordered 

intermetallic phases with high transition metal component, and are not easy to be 

realized in homogeneous metal oxide semiconductor materials. 

In 2009, Wang et al. found that graphitic carbon nitride (g-C3N4), a non-metal 

semiconductor material with van der Waals layered 2D nanostructure, could generate 

hydrogen from water under visible-light irradiation, ever since then, g-C3N4 has drawn 

dramatic attention in the field of photocatalysis.[34, 35] Pristine g-C3N4 is composed 

with two of the most earth-abundant elements, it is chemically and thermally stable, 

environmental friendly and cost-effective, and most importantly, it has a bandgap of 

2.7 eV which is favourable for visible-light absorption.[36, 37] Although g-C3N4 has 

so many advantages, the high carrier recombination rate hinder it from being a perfect 

photocatalyst. In order to overcome this problem, researchers have developed a variety 

of modification strategies to improve the photocatalytic performance of g-C3N4, 

among which constructing g-C3N4 based heterojunctions has been considered as an 

effective approach to separate the photo-induced carries from recombination and thus 

enhance the photocatalytic activity.[38, 39] To date, many kinds of materials have 

been reported to be coupled with g-C3N4 and form heterojunctions which present 

improved photocatalytic activities, including but not limited to TiO2, SnO2, WO3, ZnO, 

SnS2, MOF, etc.[40, 41] As g-C3N4 itself is a typical 2D nanomaterial, the g-C3N4 
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based heterojunctions can be classified into three types on the basis of the geometry of 

the materials that are coupled with it, named “0D/2D”, “1D/2D” and “2D/2D” 

heterojunctions. Among them, the 2D/2D heterojunctions obviously have a significant 

advantage that the lager 2D/2D face-to-face interface will lead to higher contact area 

and better charge transfer efficiency compared to the point-to-face interface of 0D/2D 

heterojunctions and the line-to-face interface of 1D/2D heterojunctions. 

1.2 Research Objectives and Problems 

The premier goal of this research is to design optimized 2D titanium dioxide-

based nanostructures with outstanding performance in various sustainable areas, such 

as photocatialysis, electrocatalysis, rechargeable batteries and bio-inspired 

applications. To achieve this objective, there are a serious of research problems that 

need to be solved in this project: 

 What advantages do 2D nanomaterials have compared with other 0D, 1D 

or 3D materials? 

 How to synthesize high-quality 2D TiO2-based nanomaterials? 

 How expand the application of TiO2-based nanomaterials to visible-light 

driven photocatalysis? 

 Which types of 2D nanomaterials are most suitable for a specific 

applications, i.e. photocatalysis, electrocatalysis or rechargeable batteries? 

 How to design an optimised 2D nanostructure to improve its performance 

in photocatalysis, electrocatalysis or rechargeable batteries? 

 How to design a 2D-2D heterostructured nanomaterials with high 

performance in photocatalysis? 
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1.3 Significance of Research 

The significance of this research can be summarized into following points: 

 A new strategy to modify the chemical state and electronic structure of metal 

oxide semiconductor are realized by manipulating the crystal structure of 

homogeneous 2D nanosheets. 

 A further step towards visible-drive organic reaction using TiO2 as 

photocatalyst. 

 An intimately coupled 2D-2D heterostructured nanomaterials has been 

achieved by in situ wet-chemistry approach.  

 The review of bio-inspired 2D nanomaterials for sustainable applications offer 

insights towards a green and sustainable society.  

1.4 Thesis Outline 

 

This report mainly include five chapters. Chapter 1 presents a brief introduction of the 

whole project. A summarized literature review including 2D nanomaterials for 

photocatalysis, electrocatalysis, rechargeable batteries and bio-inspired 2D materials 

are presented in chapter 2. Chapter 3, 4 and 5 present the research works of   “structure-

induced charge unsaturation and wide-band light adsorption for enhanced 

photocatalytic performance”, “strongly interfacial-coupled TiO2/g-C3N4 2D-2D 

heterostructured nanostructures for enhanced visible-light induced synthesis and 

conversion” and “2D-TiO2 nanosheets as substrates for Pt photocatalyst”  respectively. 

Finally, the conclusions and outlooks of this thesis are summarized in chapter 6. 
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Chapter 2. Literature Review 

2.1 Advances of ultrathin 2D nanomaterials 

2D nanomaterials have attracted intensive research interest in recent years, due 

to their salient physical and chemical properties aroused by their unique structure and 

morphology compared to their bulk counterparts, such as good mechanical strength, 

excellent chemical activities, and large specific surface area, high thermal conductivity, 

and tunable electronic propertiesetc.[1] In the year 2004, Novoselov and co-workers 

successfully produced grephene by exfoliating from graphite suing plastic tape, [2] 

since then, the study of ultrathin 2D nanomaterials has become one of the most popular 

research areas in the academic society. The 2D nanomaterials possess unique physical, 

chemical and electronic properties due to their 2D structural feature.[3] Graphene is 

one of the most famous 2D nanomaterials, which possess a series of salient properties 

such as high charge mobility,[2] high conductivity,[4] ultrahigh surface-to-volune 

ratio,[5] high Young’s modulus,[6] excellent optical transmittance,[7] etc. Since 

graphene has been one of the most popular research hotspot due to so many advantages, 

other grapheme-like 2D nanomaterials have also been drawing increasing research 

interest.[9−11] For example, layered metal oxides, transition metal dichalcogenides 

(TMDs), hexagonal boron nitride (h-BN), layered double hydroxides (LDHs), and 

graphitic carbon nitride (g-C3N4) are typical graphene-like ultrathin 2D nanomaterials 

that exhibit classic 2D properties due to their similar structural and morphological 

features to that of graphene.[12-16] Based on the extensive research on grapheme and 

grapheme-like 2D nanomaterials, many other 2D materials were discovered in the big 

family of 2D nanomaterials, such as MXenes, 2D-formed noble metals,[18] 2D 

metal−organic frameworks (2DMOFs), 2D covalent−organic frameworks (2DCOFs), 
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polymers, silicene, black phosphorus (BP) and perovskites.[17-25] Demands for ideal 

productivity of 2D nanomaterials greatly accelerated the development of synthetic and 

fabrication techniques to produce 2D nanomaterials, which can be classified as top-

down and bottom-up methods.[27-33] Meanwhile, the material characterization 

technique is also developing very fast and can be very helpful in the  research of 2D 

nanomaterilas. To date, a wide range of characterization techniques have been 

successfully utilized in ultrathin 2D nanomaterilas, such as Raman spectroscopy, 

scanning and transmission electron microscopy (SEM and TEM), optical microscopy, 

X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD) and X-

rayabsorption fine structure spectroscopy (XAFS).[35-39] More importantly, due to 

the appealing structural, physical and chemical properties of 2D nanomaterials, a wide 

range of applications have been developed in 2D nanomaterilas, such as photocatalysis, 

electrocatalysis, energy storage and conversion devices, sensors, and biomedicine.[40-

44]  

Over the last few years, 2D nanomaterials have been accepted as one of  the most 

promising research areas in material science, nanotechnology as well as material 

physic and chemistry, owing to the salient physical and chemical properties, unique 

structural characteristics and wide range of applications of 2D nanomaterials.[45]  Due 

to the ultrathin thickness of 2D nanoamaterials, they exhibited many unique properties 

compared to their 3D material counterparts. For example, the strong in-plane covalent 

bonds combined with the ultrathin thickness make these 2D materials extreme strong 

but still highly flexible.[46] Owing to the 2D nature, the phonons and electrons are 

confined in the two dimensions, a feature that is indispensable to the realization of 

many of the unprecedented thermal, electronic and magnetic properties.[47] A high 

exposure of atoms to the surface increases their sensitivities to various external 



 

Chapter 2 Literature Review 13 

stimulations and also facilitates material property regulations through surface 

engineering.[48] With emerging synthesis and fabrication techniques, 2D 

nanomaterials can be produced with their sizes only growing in the lateral plane, and 

meanwhile maintain their ultrathin thickness unchanged, resulting in ultrahigh specific 

surface area which is very important in a wide range of applications.[49]  

As mentioned above, there are incomputable kinds of materials in the big family 

of 2D materials. In this thesis, we mainly focus on 2D metal oxides and carbon nitride, 

as well as the multicomponent compounds composited by them.  2D metal oxides are 

an important member in the big family of 2D materials owing to a series of salient 

properties.[50] The branch of 2D metal oxides has played a key role in the successful 

implementation of a serious of sustainable applications including photocatalysis, 

electrocatalysis and rechargeable batteries. Graphite carbon nitride (g-C3N4) is also an 

important 2D materials since it has been found useful in photocatalytic reactions. In 

2009, Wang et al. found that graphitic carbon nitride (g-C3N4), a non-metal 

semiconductor material with van der Waals layered 2D nanostructure, could generate 

hydrogen from water under visible-light irradiation, ever since then, g-C3N4 has drawn 

dramatic attention in the field of photocatalysis.[51] Pristine g-C3N4 is composed with 

two of the most earth-abundant elements, it is chemically and thermally stable, 

environmental friendly and cost-effective, and most importantly, it has a bandgap of 

2.7 eV which is favourable for visible-light absorption. 

In a word, 2D nanomaterials, especially 2D metal oxide based nanomaterials, due to 

their excellent chemical and physical properties, cost-effective synthetic processes and 

broad application extending to all kinds of sustainable fields, have been accepted as 

one of the most promising materials to face the increasingly serious environmental 

challenges. 
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2.2 Applications of ultrathin 2D nanomaterials 

Photocatalysis 

Photocatalysis for both organic transforming reactions and green solar energy 

generation is of great significance due to their promising potential to solve the 

increasingly serious challenge of environmental pollution and energy shortage. 

Generally, there are three main steps in a semiconductor-driven photocatalytic process: 

(i) the electron-hole pairs (charge carriers) are excited by the photon incident; (ii) the 

photo-excited electron-hole pair separate from each other and migrate to the surface 

of the catalysts; and (iii) the electrons and holes thus promote the corresponding 

oxidation and reduction reactions on the catalyst surface.[1, 2] Therefore, a good 

photocatalyst must meet several key conditions, including a suitable bandgap to collect 

sufficient photons, an efficient charge separation, as well as long lifetime of charge 

carries. However, very few materials could meet all of the afore-mentioned criteria 

and meanwhile being cost-effective and environmental-friendly. In the past few 

decades, great efforts have been made to developing photocatalysts with suitable band 

structures to absorb broad light spectrum.[3-5] Benefiting from the unique 

morphologies and electronic structures, ultrathin 2D nanomaterials exhibit distinct 

advantages in photocatalytic applications compared to their bulk counterparts. On the 

one hand, the enlarged surface area of ultrathin 2D nanomaterial is beneficial for the 

exposure of abundant surface active sites. On the other hand, the ultrathin nature of 2D 

materials make contribution to the charge migration from the bulk to the surface, 

avoiding the charge recombination and improving the charge lifetime. In addition, 2D 

nanomaterials can be employed as excellent substrates for constructing hybrid 

heterostructures or multicomponent composites to expand their applications in various 

photocatalytic reactions.  
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Figure 2-1 Photocatalytic H2 and O2 production over layered titanate, protonated titanate, and Ti4O9
2− 

nanosheets. 

 

Over the past decades, TiO2 has been widely used as the photocatalyst due to its unique 

features including low cost, nontoxicity and high chemical and physical stability.[6-7] 

Osterloh et al. reported that the Ti4O9
2− nanosheet loaded Pt as the cocatalyst exhibits 

a moderate hydrogen production yield using methanol as the sacrificial agent (Figure 

2-1).[8] Rectanglar TiO2 nanosheets with highly reactive (001) facets as the top and 

bottom surfaces have been successfully synthesized by a simple hydrothermal route 

with the assistance of hydrofluoric acid solution.[9] The percentage of (001) facets in 

the sheets was 89% with the optimal adjustment of the amount of hydrofluoric acid 

and reaction temperature. Such TiO2 nanosheets show excellent photocatalytic 

efficiency, far exceeding that of commercially available Degussa P25, due to exposure 

of the high percentage of (001) facets. 

Pt particles exhibit an absorption band in the visible region. Zhai et al. reported that Pt 

particles loaded on a TiO2 thin film promote dehydrogenation of alcohols by visible 

light (λ>420 nm) under N2 atmosphere.[10] Shiraishi and co-workers also reported that 

Pt particles with 3-4 nm diameter loaded on anatase TiO2, when used for aerobic 

oxidation under visible light, facilitate direct e− transfer to anatase and promote the 
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reaction highly efficiently. The Pt/anatase catalysts promote aerobic oxidation of 

alcohols with an apparent quantum yield 7.1% (550 nm), which is much higher than 

that obtained with the Au/P25 catalyst (3.8%).[11]  

Tu et al. reported hollow spheres made of exfoliated titanium dioxide/grapheme 

material assembled by a layer-by-layer method that can be used as the photocatalyst 

in CO2 reduction reactions.[12] The TiO2/grapheme hollow spheres showed a 9 fold 

increase for the photocatalytic CO2 reduction than that of the commercial P25 TiO2.[13] 

It is believed that the ultrathin nature of TiO2 nanosheet composited with grapheme 

significantly increased the lifetime of photoexcited charge carriers, which leads to the 

large enhancement in the photocatalytic activity. In contrast to most reported nitrogen-

doped titania photocatalysts with some localized states in the intrinsic band gap and 

small visible light absorption shoulders induced by inhomogeneous nitrogen doping 

near the particle surface, Liu et al. reported the homogeneous substitution of O by N 

in the whole particles of layered titanates which exhibited extraordinary band-to-band 

excitation in the visible-light ranging up to blue light. [15] 

 

Electrocatalysis 

In order to improve the next-generation energy devices, it is necessary to get a 

deeper understanding of the fundamental principles of electrocatalysis, which is 

responsible for accelerate electrochemical reactions on the electrode surface. The 

electrochemical water splitting is typically processed in an electrolyzer, which is 

composed by three component parts: an electrolyte (ionic conductor), a cathode, and 

an anode, through the application of an external voltage. However, the electrolysis of 

water is thermodynamically disfavored, requiring an input of energy to accelerate the 

reaction. This extra energy (overpotential) is due to the high activation energy required 
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to split water and the low conductivity of water and can be minimized by using 

efficient electrocatalysts and improving the conductivity of water. The electrochemical 

decomposition of water in an electrolyzer is composed of two half-reactions: hydrogen 

evolution reaction (HER) on the cathode and oxygen evolutionreaction (OER) on the 

anode. Inversely, in a hydrogen-air fuel cell, the hydrogen oxidation reaction (HOR) 

occurs at the anode and the oxygen reduction reaction (ORR) at the cathode. The 

hydrogen obtained through water electrolyzers has a high purity (99.999 vol.%), thus 

it can be used directly in fuel cells, being an ideal technological loop for the water 

cycle, where the hydrogen is produced by water splitting through the HER and OER 

for fuel generation, and then used by power generation through the ORR and HOR in 

fuel cells.[16] 

2D nanomaterials possess unique features such as excellent mechanical 

properties, light transmittance, and electronic properties that make 2D nanomaterials 

very attractive in the fabrication of next-generation electronic/optoelectronic devices 

[17]. Compared to other dimensional nanomaterials, such asnanowires or 

nanoparticles, the two most important features of 2D nanomaterials for electrocatalysis 

are their uniformly exposed lattice plane and unique electronic state [18]. It is therefore 

that a magic combination of metal oxides and twodimensionality generates incredible 

synergetic effects beyond the material itself and thus boosts the performances in 

energy applications. It is believed that developing such an atomically-thin and 

mesoporous nanostructure should be of great benefit for OER catalysis. As a 

representative example, graphene-like holey Co3O4 nanosheets were successfully 

synthesized through a surfactant-assisted self-assembly approach and utilized as a 

catalyst for water oxidation. As expected, owing to its atomic thickness, mesoporous 

structure, and lattice structural distortion, which provide large amounts of catalytic 
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active sites, sufficient electrode/electrolyte contact, and facile mass conversion and 

transfer at the interface, the as-prepared raphene-like holey Co3O4 nanosheets exhibits 

superior OER catalytic performance with early onset potential, high current density, 

and long-term stability as compared with conventional Co3O4 nanostructures and 

commercial IrO2.[19]  

The ultrathin thickness of grephene-analogous 2D nanomaterials has led to 

superb and abnormal physical and chemical properties, endowing them with promising 

applications in many engineering fields.[20-25] Increasing edges or creating defects 

are beneficial for increasing the catalytic activity of grephene-like 2D nanomaterials. 

The density of states can be largely enhanced at the edges as compared with bulk 

graphene.[26] With the presence of defects such as vacancies and dislocations, 

additional electronic states can be induced and the electron transfer would be modified. 

Deng et al. demonstrated that the ORR could proceed with low energy barriers at these 

edges, particularly when these edges were functionalized with oxygen-containing 

chemical groups. Moreover, the ORR activity could be further enhanced by increasing 

the edge atoms via reducing the size of graphene nanosheets.[27] 

Rechargeable batteries 

It has been demonstrated that the integration of 2D nanomaterials with clean energy 

devices offers promising opportunities to address the major challenges driven by ever-

growing global energy demands [27, 28]. Among these, graphene, transition metal 

oxide (TMO) nanosheets and transition metal dichalcogenide (TMD) nanosheets are 

three representative types of 2D nanomaterials, which have been extensively explored 

as promising electrode materials for LIBs.[29–43] The nanostructures of TMO 

nanosheets have great potential for lithium-ion storage, which is favorablefor charge 

transfer during the electrochemical reactions. Yang et al. developed a nanocasting 
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strategy for the synthesis of graphene-TiO2 hybrid (G-TiO2) nanosheets with 

graphene-based silica nanosheets as a sacrificial template.[44] This as-obtained 

nanostructure have many unique advantages to facilitate the insertion/deinsertion of Li 

ions, such as ultrathin thickness, mesoporous structure, high surface area and uniform 

dispersion of the graphene layers in between the TiO2 nanosheets. In the traditional 

fabrication of graphene-based hybrid materials, the TMO nanosheets often only grow 

at the defect sites of the graphene surfaces and form discontinuous island-like domain 

arrays. Li et al. synthesized uniform mesoporous TiO2/graphene/mesoporous TiO2 

sandwich-like nanosheets by slow hydrolysis and condensation of Ti precursor on 

graphene sheets in an ammonia solution with a following heating treatment at 500 ◦C 

in argon.[45] Recently, atomic layer-by-layer Co3O4/graphene (ATMCNs-GE) hybrid 

nanomaterial has been fabricated as anode materials for LIBs by Dou et al. via a 

surfactant-assisted self-assembly method together with a following calcination 

process.[46] Composites of TiO2-B nanosheet arrays on carbon nanotubes 

(CNTs@TiO2-B NSs) were prepared through a fast microwave-assisted solvothermal 

route by using an imidazolium-based ionic liquid, which served as a guiding agent to 

interact with CNTs via cation-π interactions and further guide the in-situ growth of 

TiO2-B nanosheet arrays on the CNT surfaces. From a Brunauer-Emmett-Teller (BET) 

calculation, this hybrid showed a specific surface area as high as 151.2 m2 g−1. When 

fabricated as the working electrode for batteries, the CNTs@TiO2-B composite 

maintained a reversible capacity of 147 mAh g−1 at the high current density of 6 A g−1, 

which corresponds to ∼36 C for anatase.[47] Another example of the facile fabrication 

of 2D nanosheets for high-capacity LIB cathode application was reported by Wang et 

al., where an ammonia-assisted hydrothermal method followed by calcination at 

450 °C was employed.[48] During the hydrothermal process, ammonia played the 
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roles of both ligand and precipitating and structure directing agents for the controllable 

formation of the Co(OH)2 nanosheets, which were further transformed into 

snowflakeshaped Co3O4 nanosheets by heat treatment. Electrochemical testing 

revealed that the snowflake-shaped Co3O4 electrode had a remarkable capacity with 

enhanced retention after 100 cycles and superior rate performance at various current 

densities, due to the greatly facilitated lithium-ion diffusion and electron transport 

contributed by the unique morphology. 
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2.3 Bio-inspired two-dimensional nanomaterials for sustainable applications 

Millions of years of evolution has produced unique structures and specialized 

functions in all creatures on the earth to cope with the environment. Fascinating 

interfacial phenomena observed in various natural species, such as vivid iridescent 

colours, unique light-response behaviours, super-wetting properties, etc.,[1-4] offer 

excellent opportunities to develope artificial nanomaterials with similar functionalities, 

through manipulating the interface structures and chemistries based on inspirations 

from nature. To date, many bio-inspired structures or interfaces have been constructed, 

with some unique properties or functions which cannot be observed in their 

constitutent materials. For example, the exceptional mechanical, surface and optical 

properties observed in bone,[5, 6] nacre,[7, 8] gecko feet,[9] spider silk,[10] fish scales, 

butterfly wings,[11, 12] etc., have been attracting increasing research efforts. Recent 

advances include nacre inspired damage tolerant materials;[13, 14] fish scale and 

armadillo shell inspired artificial armours;[15, 16] lotus leaf and cicada wing inspired 

self-cleaning surfaces;[17-19] insect compound eye inspired anti-fogging coatings;[20, 

21] gecko feet and mussels inspired super-adhesive materials;[22, 23] desert beetle 

and cactus inspired water harvesting;[24, 25] opal, butterfly wings, and chameleon 

inspired photonic materials;[26-29] insect-trapping plant (e.g., nepenthes and 

sarracenia) inspired ultrafast water transport;[30] fish-gill and cactus-needle inspired 

oil-water separation,[31] etc.. There is no doubt that learning from nature opens new 

doors for innovation in materials and sustainable technologies. Owing to the great 

diversity and complexity of nature, the well-evolved natural structures corresponding 

to specific functionalities may vary from 1D nanofibers or nanoneedles to 2D 

nanosheets or nanoplates or even 3D multiscale-ordered structures.[32] A good 
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understanding of the structure-property relationships is essential for bio-inspired 

nanomaterials design and fabrication.    

      Two-dimensional (2D) nanomaterials have achieved some significant triumphs in 

various applications, benefitting from their unique structural characteristics and 

relevant chemical and physical properties.[33-35] In fact, 2D nanostructures also 

widely exist in nature and generate some amazing functionalities, which offers us great 

opportunities to further expand the design and fabrication of 2D nanostructured 

materials, devices, and technologies.[36] By integrating 2D nanomaterials with the 

bio-inspired strategies, innovative materials and technologies have been proposed and 

realized. In this research news, recent progress in bio-inspired materials and 

technologies based on 2D nanomaterials for targeted sustainable energy and 

environmental technologies, such as energy conversion and storage and environmental 

remediation, etc., is reviewed and discussed. As shown in Figure 2-2, three topical 

subjects, including bio-inspired 2D photonic structures, bio-inspired 2D energy 

nanomaterials, and bio-inspired 2D super-wetting materials, along with the challenges 

and opportunities will be the focus of this article, and give an overall perspective to 

this emerging and promising research area.  
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Figure 2-2 Summary of bio-inspired 2D nanomaterials. Reproduced with permission.[35, 59, 82] 

Copyright 2017, 2019 American Chemical Society. Reproduced with permission.[20, 64, 67, 72] 

Copyright 2014, 2017, 2019 Wiley-VCH. Reproduced with permission.[68, 77] Copyright 2014, 2017 

Nature Publishing Group. Reproduced with permission.[49] Copyright 2015, Royal Society of 

Chemistry. Reproduced with permission.[44] Copyright 2016, Elsevier. Reproduced under the terms of 

the Attribution 4.0 International license. [29, 34, 66, 81] Copyright 2015, 2016, 2017, 2018 Creative 

Commons. 

 

Bio-inspired 2D photonic materials 

      To survive in the wild world, natural species have evolved various unique 

structures with fascinating optical functionalities, such as glitzy structural colours for 

attracting prey or mates,[37] tunable camouflage colours for escaping from 

predators,[38] antireflection function of compound eyes for weak light vision[36] and 

so on. These structures, as known as photonic crystal structures, have inspired the 

design of novel photonic micro/nano-structures and some smart optical devices.  
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     Among the various natural photonic structures, one class consists of periodically 

stacked 2D multilayers, also known as Bragg Stacks, have been found in many natural 

organisms, such as plants, insects, and marine benthos.[39] Multiple pairs of 2D layers 

with different refractive indexes in Bragg Stacks can generate iridescent structural 

colours through constructive interference, when the optical thickness (nd) of a certain 

pair of AB layers meets the conditions of Equation 1,[40] 

                                                     2(nAdA cosθA +nBdB cosθB) = mλ                                          (1) 

where n is the refractive index, d is the physical thickness of each layer, θ is the angle 

of propagation in the corresponding layer, and λ is the wavelength of light giving the 

highest reflectivity, and m is an integer. Because of this interesting optical property, 

organisms with Bragg Stacks on their surfaces present a wide range of brilliant colours, 

creating a vivid world. Inspired by nature 2D photonic structures, many delicately 

designed 2D photonic materials with fluctuating structural colours have been 

developed with applications across broad areas.[41-45] Compared with pigment 

colour, structural colour can offer ultrahigh saturation, brightness, and vivid 

iridescence, or the change of colour with angle of incidence of the light. 

      One well-known case is the brilliant iridescent colours found in the elytra of some 

beetles. For example, buprestid beetles have beautiful green iridescence on their elytra 

(wing cases), which originates from multiple stacks of periodically ordered chitin-

protein pairs.[46] The multilayers of chitin-protein pairs in beetles consist of a few thin 

layers of chitin in a proteinaceous matrix with different refractive indexes. When the 

optical thickness of the chitin layers genetically grow to approach one-quarter the 

wavelength of visible light (Equation 1), one or more colours will be generated by 

constructive interference. Inspired by the attractive structural colours of beetle elytra, 

nanoparticles which change colour with environment have been realized through a zinc 
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oxide (ZnO) flower-like structure using quasi-ordered scattering.[47] Similarly, an 

optical diode design was inspired by Plusiotis batesi beetles, which have a unique helix 

structure in their elytra for a conventional selective reflection.[48] Tzeng et al. 

fabricated a synthetic analogue with bio-inspired iridescent colours by mimicking the 

colour appearance of a Chrysochroa rajah beetle.[49] As shown in Figure 2-3a, the 

artificial Bragg Stack of optically reflective pairs with alternating low and high 

refractive indices were made from colloidal silica/cellulose nanocrystals and 

polyelectrolyte/clay thin layers assembled by a layer-by-layer deposition method, and 

the bio-inspired thin film showed similar iridescence as the beetle elytra.  

      By learning from the Bragg Stacks and the iridescent colour in biological species, 

some other artificial materials with well controlled thickness and refractive indices 

have been fabricated to realize structural colours, such as the spin-coated mesoporous 

titanium dioxide/silicon dioxide (TiO2/SiO2) multilayer stacks,[50, 51] layer-by-layer 

assembled TiO2/SiO2 nanoparticles,[52] thermally evaporated thin films of calcium 

fluoride (CaF2) and zinc sulfide (ZnS),[53] polymers,[54] and so on, for the 

applications in sensors, smart windows, and soft robotic devices.[55] Besides the direct 

iridescent colours generated by reflection and interference, enhanced fluorescence 

emission properties have also been inspired by a Hoplia coerulea beetle, whose scales 

contain fluorescent molecules ingrained in 2D multilayers of thin flat chitin layers 

separated by air/chitin mixing layers.[56]     

      2D photonic structures based on guanine crystals have been observed in some 

hydrobios.[57] As shown in Figure 2-3b, tunable multilayer photonic structures in 

neon tetra fish can generate iridescent colours from blue to indigo with the change of 

light environment by tuning the tilt angle between guanine crystals and cytoplasm 

layers of the 2D guanine-cytoplasm pairs.[58] Based on this understanding, a dynamic 
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iridescence actuated by magnetic nanopillars has been fabricated, which allow the 

structure to tilt the substrate when the angle of the applied magnetic field is changed 

and this can lead to programmable iridescent display under ambient light.[59] This 

type of guanine-based photonic crystals has also been identified in different types of 

fishes, such as Japanese Koi fish and Sardina pilchardus fish. These fish are covered 

by a large area of guanine photonic crystal stacks with numerous reflecting units. 

These stacks generate a broadband, wavelength-independent reflector over the whole 

visible light spectrum when the incident angle approaches Brewster’s angle.[60]  In 

contrast to the above broadband reflectance, sapphirinid copepods, generate 

wavelength-independent reflectance in response to the luminous environment by 

controlling the thickness of the cytoplasm layers of the guanine-cytoplasm photonic 

crystal pairs.[61] Such tunable 2D photonic systems in sapphirinid copepods are rarely 

observed even in nature, and they have not yet been successfully mimicked in artificial 

systems. The major challenges in fabricating such a class of bio-inspired photonic 

structures are finding suitable 2D nanostructures and materials to replace the guanine 

crystals and cytoplasm layers and realizing the precisely controllable layer-by-layer 

assembly of the 2D crystals and layers. Although some pioneering studies have been 

performed on the guanine-based bio-inspired materials, for example, through the self-

assembly of peptides or DNA to realize unique photonic performance,[62, 63] there is 

still a long way to go in developing this type of bio-inspired material. 

     Very recently, Sun et al. fabricated a sea-shell inspired 2D photonic nanostructure 

by using a facile vacuum-filtering technique to assemble graphene and atomically-thin 

2D TiO2 nanosheets in a layer-by-layer manner to mimic the iridescent, well-arranged, 

layered brick-and-mortar microstructures of natural sea-shells (Figure 2-3c).[64] The 

bio-inspired photonic structure with 16 alternating thin graphene layers and thick 2D 
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TiO2 layers exhibited significant and beautiful green-red strip-like colours under both 

dispersion-dominated and reflection-dominated conditions, resulting from its well-

designed thickness and well-aligned 2D interfaces. When this type of unique bio-

inspired nanostructure is employed in optoelectronic devices, significantly enhanced 

photocurrent and much improved responsivity and sensitivity have been achieved, 

attributed to the significantly enhanced interlayer charge transfer formed between the 

2D-2D heterostructure and the homostructure of the bio-inspired photoelectrode. Kolle 

and co-workers have fabricated a concave 2D photonic structure consisting of 2.5 mm 

thick concave gold layer and 20 nm thick carbon film with a conformal multilayer of 

thin titanium dioxide/alumium oxide (TiO2/Al2O3) films to simulate the colour mixing 

effect resulting from deformed multilayer stacks in the wings of Papilio blumei 

butterfly. This proved that bio-inspired nanostructures could display the same optical 

features as the natural butterfly wing scale.[43] Furthermore, introducing stimuli-

responsive materials into photonic structures can achieve colour shifting with the 

change of environments. For example, Wang et al. fabricated bio-inspired hybrid 

photonic crystals consisting of alternant thin films of TiO2 and organic polymer layers, 

which have reversible colour shifting capacity over the full visible spectrum in 

response to different water-vapour concentrations as a result of swelling of the polymer 

layers.[65]  
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Figure 2-3 Bio-inspired 2D photonic nanomaterials. (a) The optical photographs and SEM image show 

the C. rajah beetle, the assembled artificial Bragg stacks with green color and the corresponding 

microstructure, the colour plots shows reflection-incidence angle spectrum for the artificial stacks, the 

right figure shows the reflection spectra of C. rajah elytron and the fabricated stack. Reproduced with 

permission.[49] Copyright 2015, Royal Society of Chemistry. (b) Schematic illustration of neon tetra and 

its photonic structures, the iridescence demonstration indicates colour variation from bright yellow to 

dark green with different magnetic alignment angles φm = 0−30°. Reproduced with permission.[59] 

Copyright 2019, American Chemical Society.  The SEM images show the microstructures of the 

guanine crystals (with arrows) and cytoplasm layers (black arrows). Reproduced with permission.[58] 

Copyright 2015, Wiley-VCH. (c) Schematic illustation shows the angle-varing structural change of 

seashell structures, the inset shows the microstructure of natural sea-shell, the optical and SEM images 

show the seashell-inspired nanostructure made from graphene and 2D-TiO2 nanosheets, the right part 

shows the interlayer electronic coupling and calculated light absorption spectrum of bio-inspired 

heterostructure. Reproduced with permission.[64] Copyright 2019, Wiley-VCH. 
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      Therefore, based on the understanding on the structure-optical property 

relationships found in natural species, plenty of 2D bio-inspired photonic structures 

have been developed and fabricated. These bio-inspired 2D nanostructures presented 

mimicking extraordinary colours exhibited in natural species and are very promising 

in applications in optical displays, sensors, anti-counterfeit technologies, solar energy 

harvesting and conversion devices, etc. 

Bio-inspired 2D energy materials 

     Development of high-efficiency energy conversion and storage devices has 

attracted great research interest, due to the urgent demand for green and sustainable 

energy supplies. To meet the increasing requirements on materials for high-

performance energy devices, nanomaterials with precisely tailored structures and 

interfaces inspired from natural species have been created.[66] Bio-inspired 

nanomaterials have demonstrated some extraordinary properties, which are promising 

for enhancing the overall performance of energy conversion or storage devices. 

     Mei et al. proposed a honeycomb-inspired CoMoOx structures consisting of 2D 

nanosheets by learning from the robust mechanical stability and permeable channels 

and pores structures of natural honeycombs, which possess excellent structural 

robustness deriving from the elaborate structures.[67] The natural honeycomb or bee 

hive with cellular structures, composed of hexagonal channels and thin walls, as shown 

in Figure 2-4a, is well known for its excellent mechanical performances, highly-

ordered cellular structures, and excellent ventilation capacity arising from the 

interconnected pore/channel structure. In this work, owing to the structural advantages 

derived from the natural honeycombs, the bio-inspired CoMoOx nanostructures 

consisting of interconnected pores and channels and ultrathin 2D walls exhibited much 

improved structural cycling stability and superior lithium storage capacity compared 
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to electrode materials with similar chemical compositions, but without the cellular 

nanostructure. This work confirms that bio-inspiration offers new insights into the 

design of novel electrode materials for high-efficiency energy devices. 

      Electric eel Electrophorus electricus is an amazing aquatic animal which can 

generate high voltages and currents from ion gradients through thousands of 

membranes with densely packed ion channels which separate long and thin electrically 

active cells stacked in parallel. Inspired by this power generation concept, a soft, 

flexible and transparent power source composed with polyacrylamide hydrogel and a 

repeated sequence of ion selective hydrogel membranes, similar to the repeated 2D 

compartments of electric eel, has been designed (Figure 2-4b). This has been shown 

to generate an open circuit voltage of 110 V or a power density of 27 mW m-2 per cell 

under mechanical contact activation of serially-stacked gel compartments.[68] This 

bio-inspired power system indeed opens a new window to design sustainable electrical 

generators. In addition to the ion-gradient power generator inspired by electric eel, 

novel triboelectric generators based on 2D materials have also been inspired by human 

skin,[69] Hummingbird wing,[70] and other natural structures.  

      It is interesting that nacre has also inspired the integration of 2D nanofluidic 

devices, where the mass and charge transport are confined in the interspace between 

2D layers. Cheng et al. reported a bio-inspired 2D nanofluidic devices constructed 

from kaolinite-based Janus nanobuilding blocks. 2D Janus materials as a novel class 

of materials with distinct properties on each side have been considered as a promising 

material system in energy applications.[71] Unlike conventional 2D nanofluidics, the 

use of 2D Janus blocks in a nacre-mimicking assembly, delivers outstanding carrier 

transport mobility and almost perfect ion selectivity.[72]      
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    The biological chain and the biocycle on the Earth all start from the energy supply 

from the sun, which have driven plenty of biological species to be extremely active for 

high-efficient solar energy harvesting or conversion. Recently, bio-inspired solar 

energy harvesting and conversion technologies, such as bio-inspired solar cells [73, 74] 

and bio-inspired carbon cycle processes,[75, 76] have achieved significant progress.   

     By learning from the 2D networks of leaf venation system of White Jade Orchid 

Tree Magnolia alba and spider web networks of a common spider Agelena labyrinthica, 

metallic networks featuring superior current delivery, minimal optical shading, and 

outstanding strength and flexibility have been designed for electro-optical devices, 

such as solar cells, light sources, touch screens, or flexible displays.[77] By directly 

mimicking the shape of a leaf, a bio-inspired flexible Zn0.5Cd0.5S@polyacrylonitrile 

photocatalyst in 2D leaf-like structure has been fabricated (Figure 2-4c). It shows 

enhanced photocatalytic hydrogen evolution activity compared to the pure Zn0.5Cd0.5S 

nanoparticles with improved electrochemical cycling and structural stability in the 

photocatalytic hydrogen production processes, owing to the flat and flexible leaf-like 

structure and the superior light efficiency engendered by the hierarchical pore 

channels.[78] Also inspired by a leaf, 2D AgS2 nanosheets with a leaf-like morphology 

with needle-like secondary structures have shown promise in solar cell 

applications.[79] Targetting a very different component of solar cells, Shams et al. 

extracted a transparent crab shell-inspired chitin nanofiber sheet by removing the 

inorganic calcium carbonate particles, proteins, lipids, and pigments from a real crab 

shell, and then impregnated a monomer to the sheet, followed by polymerization. This 

material has good transparency and very low coefficient of thermal expansion, and is 

an interesting candidate as a transparent substrate materials for flexible displays and 

solar cells.[80]  
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Figure 2-4 Bio-inspired 2D energy nanomaterials. (a) The photographs show a natural honeycomb and 

the inspired real-world construction with excellent structural stability and ventilation capacity, the 

schematic illustration shows the self-assembly route of honeycomb-inspired CoMoOx nanostructure, 

SEM images show the bioinspired CoMoOx microspheres composed of 2D nanosheets, and the 

comparison of rate capability and the capacity retention ratio of honeycomb-inspired CoMoOx 

nanostructure  in a current density range between 0.2 and 5.0 A g−1 was summarized. Reproduced with 

permission.[67] Copyright 2019, Wiley-VCH. (b) The photographs show the Electrophorus electricus 

and the electrocytes in its organs, the right picture shows the artificial electric organ in its printed 

implementation and the inset shows the flexible artificial organ that produced an open-circuit voltage 

of 80 mV. Reproduced with permission.[68] Copyright 2017, Nature Publishing Group. (c) The 

schematic demonstrates the fabrication process of the silk spider web, the photograph shows the 

transparent leaf venation network, and the diagram illustrates the sheet network resistance oscillations. 

Reproduced with permission.[77] Copyright 2014, Nature Publishing Group. 

 

Bio-inspired 2D super-wetting materials 

    Bio-inspired surfaces with superwettability have been intensively explored in past 

decades by inverstigating the super-wetting phenomenon in nature and this has 
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stimulated the applications of superwettability in liquid-proof textiles, oil-water 

separations, super/anti-adhesion surfaces, etc.[3] For example, water birds, both fresh 

water and salt water birds, such as the duck, goose, sea gull, pelican, etc., have 

superhydrophobic feathers to prevent wetting by water when they feed on lakes, rivers, 

beaches, etc.[17] Some birds, such as the cormorant, can even dive tens of meters deep 

into water to prey on fish while their feather remain unwetted by maintaining a thin 

layer of air on the surface of the feather. This superhydrophobic feature is due to both 

a 2D configuration of “quasi-hierarchical” microstructures and a specific greasy 

surface coating or preening oil secreted by the bird itself. Fish scales also exhibit self-

cleaning and anti-fouling properties under water. Fish scale is an important organ as 

its role in protecting fish from contamination in the water environment.[17] By 

mimicking the natural 2D scale-like structure of the Asian Arowana fish scales, Sun 

et al. developed bio-inspired nanostructured coatings with tunable wettability in 

response to surface modification and scale-like structural orientation variation (Figure 

2-5a).[81] In this study, the bio-inspired materials were fabricated in ZnO and the 

orientation of the scale-like nanostructures has been tailored to present different 

responses to water contact. Thin films with highly tilted scale structures have the 

capability to be tuned to exihibit either superhydrophilic or superhydrophobic. This 

interesting feature gives the bio-inspired materials the potential for many applications, 

such as marine antifouling, self-cleaning material, microfluidic regulation, bio-

adhesion, etc.  

     Another example for natural super-wettability is the compound eye of flies. The 

unique surface structure gives the compound eye a superhydrophobic anti-fogging 

property, which allows them to maitain good functionality even in extreme 

environments. By learning from the biological structures and anti-fogging properties 
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of the fly eye, Sun et al. designed bio-inspired superhydrophobic antifogging ZnO 

nanomaterials with a low adhesion force to water drops, which effectively prevent the 

adhesion of water droplets on a tilted or curved surface.[20] Figure 2-5b shows 

artificial hierarchically-ordered ZnO microspheres that have a similar structure to the 

anatomical structure of the compound eye. Bio-inspired ZnO coatings can be easily 

fabricated by either brush-painting or spin coating of the fly-eye-inspired 

nanomaterials. As shown in the fogging test in Figure 4b, the fogging droplets on the 

bio-inspired coatings were in perfect spherical shapes due to the high contact angle 

and fully slid off a tilted substrate due to the low adhesive force. This bio-inspired 

antifogging coatings material is fabricated from low-cost material and is easy adapted 

for scalable production and large-scale painting, and thus has great potential for anti-

fogging or anti-icing applications in some extreme environments. 

     Oil/water separation is another important application of bio-inspired super-wetting 

nanomaterials. It has been proved that the utilization of functional surfaces with both 

superoleophilic and superhydrophobic properties is an effective way to separate an oil-

water mixture.[3] Dou et al. demonstrated a gradient porous separation mesh for one-

step spilled oil collection and separation inspired by the crossflow filtration behaviour 

of fish gills (Figure 2-5c).[82] The key innovation of this technique is the growth 2D 

ultrathin cobalt oxide (Co3O4) nanosheets on metallic meshes, which turn the 

separation mesh from hydrophobic/oleophilic to hydrophilic/oleophobic. By using the 

innovative fsh-gill-inspired separation membrane, cross-flows formed on the 

membranes, in which the oil/water flows parallel to the bio-inspired 2D-Co3O4 

membrane surface, and water is gradually filtered through the membrane, while oil is 

repelled and transported on the surface of membrane to the collection tank. Via this 

unique separation mechanism, the fish-gill inspired technology enables high-efficient 
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and continuous spilled oil collection and separation. This fish-gill inspired technology 

is therefore very promising for the clean-up of large-scale oil spills (Figure 2-5c). A 

shape-memory graphene film with electrothermally controlled surface wettability 

inspired by natural Nepenthes pitcher plant has been proposed by Wang et al. This bio-

inspired thin film exhibited good electrical conductivity, superelasticity and high 

strength. The bio-inspired material possesses controllable slippery properties due to 

the reversible surface wettability, and thus can be used in various applications, 

including liquid harvesting devices, microfluidic channels, medical instruments, liquid 

handling robotic systems, etc.[83] 

 

Figure 2-5 Bio-inspired 2D super-wetting nanomaterials. (a) Optic and SEM images of Asian Arowana 

fish scales, and the surface wettability modulation of the fish-scale-inspired nanostructured coatings, 
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showing the hydrophobic–superhydrophilic–superhydrophobic modulation of the water response. 

Reproduced with permission.[79] Copyright 2015, Nature Publishing Group. (b) Optical and SEM 

images of fly compound eyes, the microstructure of the fly-eye bio-inspired ZnO nanostructures shows 

the ommatidiumlens-like structures, the right pictures demonstrate the fogging test of the bare glass and 

bio-inspired coatings. Reproduced with permission.[20] Copyright 2014, Wiley-VCH. (c) Schematic 

illustration of crossflow filtration in fish gills and the demonstration of the bioinspired crossflow 

collection of spilled oil, the inset shows the ultrathin 2D-Co3O4 nanosheets coated on the wire surface. 

Reproduced with permission.[80] Copyright 2017, American Chemical Society. 

 

 

Conclusions and Outlook 

     In summary, the well-evolved biological world, with its biodiversity and 

fascinating environmental responsive behaviour is a supremely effective materials-

development laboratory to inspire our material and technology innovations. When 

science meets nature, a magic door opens to stimulate us to develop novel 

multifunctional nanomaterials beyond the present material systems. The combination 

of 2D nanomaterials with the concept of bio-inspiration, as we demonstrated above, 

has stimulated the development of novel materials and technologies.  

     On the other hand, there are still lots of grand challenges to be addressed, which 

limit the development of bio-inspired nanomaterials or technologies beyond 2D bio-

inspired materials. Firstly, we need further efforts on discovering the phenomena and 

functionalities existing in natural species and gaining a better understanding of their 

structure-function relationships, which are fundamental but challenging two steps. 

Secondly, sophisticated synthetic methods or high-precise manufacturing techniques 

to achieve multiscale-ordering structures down to nanoscale are urgently needed to 

mimic complex natural structures or functions. In fact, some fascinating structures and 
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properties found in nature cannot be properly mimicked in our laboratories. For 

example, Dur et al. have revealed the unique tunable optical properties in the male 

sapphirinid copepods, which is very promising for advanced optical or light-harvesting 

devices.[61] However, due to the lack of proper material and fabrication method, such 

novel structures and properties have not been successfully mimicked yet. Thirdly, 

given that some biological systems present interesting properties themselves, the direct 

use of such bio-materials in functional devices would be an eco-friendly and efficient 

way to develop bio-inspired technologies. Recently, researchers discovered that 

biological materials directly derived from natural species exhibited outstanding 

performances in various energy applications such as photocatalysis, electrocatalysis 

and biomass conversion.[84-87] However, the precise and advanced biotechnology 

required in this route turns to be another major challenge. The last challenge is how to 

integrate multiple materials to realize desirable functions, such as well-designed 

heterostructures, organic-inorganic hybrid materials, etc. Apart from these challenges, 

the advances in developing 2D bio-inspired nanomaterials confirm that bio-inspiration 

is an effective approach to take the full advantages of the potential of materials for the 

design of mutifunctional smart devices. The development in this promising area thus 

paves a new way towards a green and sustainable society.  
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Chapter 3. Structure-induced Charge Unsaturation and 

Wide-band Light adsorption for Enhanced 

Photocatalytic Performance 

Introductory Remarks 

This chapter presents the work of a new strategy to modify the chemical state and 

electronic structure of metal oxide semiconductor realized by the structure-induced 

charge unsaturation in the homogeneous 2D-TiO2 nanosheets. The crystallized 2D-

TiO2 nanosheets exhibited unconventional electronic states compared to its bulk 

counterparts, aroused by the 2D derived lattice distortion in the nanosheet structures. 

The structure-induced charge transfer from O atoms to Ti atoms resulted in reduced 

chemical states of the Ti metals in the 2D-TiO2 nanosheet structures, which presented 

extraordinary optical and catalytic properties compared to those with conventional 

bulk crystal structures. Moreover, this structure also maintained the salient surface 

physical and chemical properties of 2D materials, such as the enlarged surface area 

which is beneficial for creating abundant surface active sites, leading to a better 

catalytic performance in the photocatalytic oxidation reactions of benzyl alcohol and 

benzylamine. 
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3.1  Introduction       

Titanium dioxide (TiO2) only absorbs ultraviolet light due to the wide band gap of 

semiconductor, which limits its application in visible light photocatalysis. Past 

researches mostly focus on doping hetero elements or creating vacancy defects to 

optimize the electronic band structure of TiO2, however, the accompanying 

recombination centers could reduce the photonic efficiency in the photocatalytic 

reactions. Herein, we demonstrated a new strategy to modify the chemical state and 

electronic structure of metal oxide semiconductor realized by the structure-induced 

charge unsaturation in the homogeneous 2D-TiO2 nanosheets. The lattice distortion 

occurring in the crystal structure of 2D-TiO2 nanosheet resulted in unconventional 

charge transfer between Ti and O atoms, leading to improved light absorption in 

visible-light spectrum, which showed better photocatalytic performance in the aerobic 

oxidation reactions of benzyl alcohol and benzylamine.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

Titanium dioxide (TiO2) has been one of the most widely used materials in all kinds 

of catalytic applications due to its low cost, salient stability, and nontoxicity, which is 

in good alignment with the green concept of environmental protection and sustainable 

development [1-3]. However, as a member of semiconductor family, the chemical 

nature of TiO2 determines that it can only be activated by ultraviolet-light irradiation, 

which has distinctly limited its application in visible-light photocatalysis areas [2, 4]. 

For example, TiO2 photocatalysts have usually been reported to be successfully 

applied in the fields of dye degradation or pollutant treatment [5-7], while compared 

to its effectiveness in such systems, TiO2 is not effective enough to perform organic 

syntheses with high productivity and selectivity, especially under visible-light 

irradiation [8, 9]. Conducting visible-light-driven selective organic reactions by TiO2 

photocatalysts remains yet a grand challenge [9, 10].  
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To better utilize the visible range of the solar spectrum for the photocatalytic reactions, 

modifying the chemical state and electronic structure of the catalysts has been 

identified as a desirable strategy [11-13]. Therein, the most important route is to 

introduce defects into the lattice structures of the catalysts by doping heteroatom 

elements or creating intrinsic vacancies [14-17]. Such defect center acting as an 

electron donor or acceptor can effectively adjust the electronic states of the catalysts, 

making the activated carries better contribute to the redox reactions [18, 19]. However, 

on the other hand, the created defects could also act as recombination centers for the 

excited charge carriers, which will lower the utilizing efficiency of the charge and 

result in relatively low catalytic activities [2, 20]. In addition, it is also challenging to 

incorporate dopants or vacancies into highly-crystalized catalytic materials by mild 

synthetic methods and conditions, thus making the synthetic process less cost-effective 

[21]. Engineering the compressive strain of the catalyst surface is believed to be 

another effective way to realize some unconventional electronic structures and 

improve the catalytic performance of catalysts [22]. It is reported that the engineering 

of surface strain on the catalyst could result in different binding behavior between the 

oxygen species and the catalyst surface during the reaction process [23, 24]. 

Nevertheless, such strain engineering are usually constructed on the basis of ordered 

intermetallic phases with high transition metal component, and are not easy to be 

realized in homogeneous metal oxide semiconductor materials. 

To this end, we proposed a new strategy to modify the chemical state and electronic 

structure of metal oxide semiconductor realized by manipulating the crystal structure 

of homogeneous 2D-TiO2 nanosheets, in which no foreign doping impurities nor 

inherent vacancy defects are included. The crystallized 2D-TiO2 nanosheets exhibited 

unconventional electronic states compared to its bulk counterparts, aroused by the 2D 
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derived lattice distortion in the nanosheet structures [25-28]. The structure-induced 

charge transfer from O atoms to Ti atoms resulted in reduced chemical states of the Ti 

metals in the 2D-TiO2 nanosheet structures, which presented extraordinary optical and 

catalytic properties compared to those with conventional bulk crystal structures. 

Moreover, this structure also maintained the salient surface physical and chemical 

properties of 2D materials, such as the enlarged surface area which is beneficial for 

creating abundant surface active sites, leading to a better catalytic performance in the 

photocatalytic oxidation reactions of benzyl alcohol and benzylamine. 

3.2 Experimental 

3.2.1 Materials 

Titanium (IV) isopropoxide (TTIP, 97%), poly(ethylene glycol)-block-poly(propylene 

glycol)-block-poly(ethylene glycol) (PEO20-PPO70-PEO20, Pluronic P123) and 

ethylene glycol (EG, anhydrous, 99.8%) were purchased form Sigma-Aldrich. 

Hydrochloric acid (HCl, 32%) and ethanol (absolute) were obtained from Ajax 

Finechem. All chemical reagents were used without further modification. 

3.2.2 Synthesis of 2D-TiO2 nanosheets 

The synthetic method of 2D-TiO2 nanosheets was reported in our previous paper. In a 

typical synthetic process, 1.05 g TTIP solution was added into 0.74 g HCl under 

vigorous stirring in bottle A, and in bottle B, 0.2 g P123 was dissolved in 3.0 g ethanol. 

After the P123 in bottle B was completely dissolved, the solution was mixed with the 

solution in bottle A and kept stirring for another 20 minutes. Then 2.5 mL of the 

mixture solution was transferred into a 45 mL autoclave along with 20 ml EG. The 

solvothermal process was conducted in an oven at 150 ℃ for 20 hours. The products 

were obtained by centrifuging and washed in water once and ethanol 3 times. The 

white powders of 2D-TiO2 nanosheets were collected after drying at 120 ℃ for 8 hours. 
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The 2D-TiO2 samples were further annealed in a Muffle furnace at 250-550 ℃ for 1 

hour with a heating rate of 5 ℃/min, the obtained samples are denoted as 2D-TiO2-T, 

where T refers to the annealing temperatures (℃).  

3.2.3 Characterization  

The morphologies of the samples were characterized by field emission scanning 

electron microscopy (FESEM, JEOL 7001F) and transmission electron microscopy 

(TEM, JEOL 2100). The accelerating voltage was 5 kV for SEM and 200 kV for TEM. 

X-ray photoelectron spectroscopy (XPS, Al Kα, 1486.6 eV) and ultraviolet 

photoelectron spectra (UPS, HeI, 21.22 eV) was recorded on a Kratos Axis Ultra 

photoelectron spectrometer. The electron paramagnetic resonance (ESR) spectrum 

was studied by MiniScope MS400 spektrometer (9.42GHz). The crystal information 

of the samples was obtained by X-ray diffraction facility (XRD, Philips Panalytical 

X’Pert MPD) using Co Kα radiation (λ=0.179 nm) at power source of 40 kV and 40mA. 

Raman spectra of the samples was studied by a laser Raman spectrometer (Renishaw 

inVia Raman Microscope) using an Ar+ laser (532 nm) as excitation source. Diffuse 

reflectance UV-visible spectra was collected on a Cary 5000 UV-Vis-NIR 

spectrometer (DRS UV-vis, Agilent) using BaSO4 as reference. Brunauer-Emmett-

Teller (BET) surface area of the samples was measured by N2 adsorption/desorption 

isotherms (Micromeritics Tristar 3020) performed at 77 K. 

3.2.4 Photocatalytic activity test 

The photocatalytic activities of the as-prepared samples were estimated by the aerobic 

oxidation of benzyl alcohol and benzylamine in air under visible light irradiation. 

Oxidation of benzyl alcohol: 20 mg of catalyst was dispersed into 1 ml toluene 

containing 0.1 mmol benzyl alcohol in a 10 ml Pyrex glass tube. The reaction was 

conducted under irradiation of a 500 W halogen lamp (0.6 W/cm2, λ > 400 nm) at 
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55 ℃ for 5-30 hours. The cycling test applied the same reaction condition as the 

original test, except that the reaction time was 20 hours for each cycle. After each cycle, 

the catalysts were recycled by centrifuging, washing and drying process. Oxidation of 

benzylamine: 10 mg of catalyst was dispersed into 2 ml toluene containing 0.2 mmol 

benzylamine in a 10 ml Pyrex glass tube. The reaction was conducted under irradiation 

of a 500 W halogen lamp (0.6 W/cm2) at 45 ℃ for 5-20 hours. After the reaction, the 

aliquots were collected, centrifuged, and then filtered through a Millipore filter (pore 

size 0.45 μm) to remove the catalyst particles. The products were analyzed by gas 

chromatography (GC, Agilent). 

3.3 Results and discussion 

Figure 3-1a shows the schematic illustration of the 2D-TiO2 structures changed with 

different temperatures. As the annealing temperature increase, the structures of 2D-

TiO2 transform from dispersed nanosheets to aggregated nanosheets and further to 

bulk nanoparticles. Transmission electron microscopy (TEM) analyses were 

performed on the synthesized 2D-TiO2 and annealed 2D-TiO2-T samples to examine 

their morphologies and crystal structures. As shown in Figure 1, the low-magnification 

TEM images of 2D-TiO2 (Figure 3-1b) presents a well-dispersed graphene-like 

nanosheet structure with some of the edges rolling up caused by surface tension. The 

size of each 2D-TiO2 nanosheet is around 100 nm. And in the case of 2D-TiO2-250 

(Figure 3-1c), after the heat-treatment process, the nanosheets were curled up to a 

larger extent and a small parts of the nanosheets were aggregated together due to the 

thermal effect, as a result, the size of the 2D-TiO2-250 nanosheet shrinked to around 

50 nm. The thermal effect appears to be more obvious in the 2D-TiO2-350 samples. It 

can be seen from Figure 3-1d, some of the nanosheets were curled up completely to 

nanoscrolls and some others were sintered during the heating process. However, the 
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2D nanosheet structure can still be clearly distinguished in the TEM image. In this 

sample, the TiO2 exists in forms of both sintered bulk phase and unfolded 2D 

nanosheet phase. When the annealing temperature increased beyond 450 ℃, a drastic 

change on the morphologies was observed. As clearly seen in Figure 1e and f, the 

major configuration of the samples changed from 2D nanosheets to bulk particles as a 

result of crystal growth under high temperature. The average particle size was 10-20 

nm for 2D-TiO2-450 and 20-30 nm for 2D-TiO2-550, which increased with higher 

annealing temperature. Another feature that increased with annealing temperature was 

the crystallinity of the TiO2 samples, as indicated by the high magnification TEM 

images in Figure 3-1 g-k. Figure 3-S1 shows the TEM image of commercial TiO2 P25 

particles, presenting a similar morphology as those of 2D-TiO2-450 and 2D-TiO2-550 

samples. Similar features can also been observed in the SEM images, as shown in 

Figure 3-1 l-p, the morphologies changed obviously from dispersed nanosheets 

(Figure 3-1 l, m and n) to solid particles (Figure 3-1 o and p) as the annealing 

temperature varies. We believe that the various morphologies and crystallinities 

between these TiO2 samples will induce interesting differences in their chemical states 

and catalytic performances. 
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Figure 3-1 (a) Schematic illustration of the 2D-TiO2 morphologies changed with different temperatures. 

(b-f) Low-magnification TEM images, (g-k) high-magnification TEM images and (l-p) SEM images of 

2D-TiO2, 2D-TiO2-250, 2D-TiO2-350, 2D-TiO2-450 and 2D-TiO2-550.  

 

To investigate the phase composition and structural change of the samples, XRD and 

Raman spectroscopy was performed. As revealed by XRD patterns (Figure 3-2a), all 

as-prepared samples present a typical TiO2 crystal structure without any foreign 

impurity phases, and the diffraction peak becomes stronger and sharper as the 

annealing temperature increases. In the pattern of 2D-TiO2 sample, we observed a 

mixed crystal phase composite of both anatase and rutile phase, indicating a same 

phase composition with that of conventional P25 nanoparticles, except that the 

crystallinity of P25 is much better. The first two peaks lower than 20 degree are 

assigned to the structural thickness d of 1.2 and 0.62 nm, which are calculated by the 

Bragg equation 2dsin θ = nλ. This should be attributed to the periodic stacking of the 

monolayers of the TiO2 nanosheets, and the calculated values coincide well with the 

reported spacing of the monolayers in the stacked 2D-TiO2 nanosheets. However, 
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these structural peaks in the XRD patterns can only be detected in the pure 2D-TiO2 

nanosheets rather than other annealed 2D-TiO2-T samples, which indicates that the 2D 

monolayers were stacked into multilayer structures during the heat treating process. 

Such multilayer nanosheets had a higher thickness than before which could avoid the 

effect of quantum confinement and resulted in a narrower bank gap. It is also worth 

noting that, the trace of rutile phase disappears in the spectrums of 2D-TiO2-450 and 

2D-TiO2-550 samples. We suspect that there should be a recrystallization and regrowth 

process of the TiO2 nanocrystal accompanying the transformation from 2D phase to 

bulk phase. The Raman spectrums could be found in Figure 3-2b. The six (3Eg + 

2B1g + A1g) Raman-active modes of anatase phase at frequencies of 144, 197, 397, 

513, 519 and 639 cm-1 were detected in all samples. The unexpected Raman vibration 

at 260 cm-1 in the 2D-TiO2 sample could be aroused by some organic species remained 

on the surface after the solvothermal synthesis, which were easily decomposed during 

the heat treatment. It is well known that Raman spectroscopy has been utilized as an 

efficient, accurate and well-established approach to investigate the structural changes 

in TiO2 [29, 30]. The inset in Figure 3b shows an enlarged Raman spectrum from 100 

to 200 cm-1. The Eg mode located at 143.4 cm-1 for commercial P25 nanoparticles 

undergoes a shift to higher frequencies of 150.2, 148.1 and 146.9 cm-1 for 2D-TiO2, 

2D-TiO2-250 and 2D-TiO2-350 respectively, and such shift is not observed in the case 

of 2D-TiO2-450 and 2D-TiO2-550 samples. Apparently, the blue shift of Eg mode is 

related to the 2D phases in the 2D-TiO2, 2D-TiO2-250 and 2D-TiO2-350 samples, and 

the shift appears more significant as the proportion of 2D phase increases. It has been 

reported that the Eg mode shift can be caused by the lattice disorder of the TiO2 crystals, 

which is exactly the important structural feature of the as-prepared 2D-TiO2 

nanosheets.   
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To further investigate how the chemical properties change with different morphologies 

of 2D-TiO2 samples, we performed X-ray photoelectron spectroscopy (XPS) to study 

their surface chemical states. Figure 3-2c shows the Ti 2p spectrum of the 2D-TiO2, 

2D-TiO2-T and P25 samples, which indicates a significant difference between those 

with 2D and bulk structures. In the Ti 2p spectrum of 2D-TiO2 sample, the Ti 2p1/2 

and Ti 2p3/2 spin-orbital splitting photoelectrons are assigned to the binding energy 

peaks of 463.2 and 457.6 eV, showing a 2.1 eV downshift to lower binding energy 

compared to the TiO2 samples with bulk crystal structures (2D-TiO2-450, 2D-TiO2-

550 and P25). The shift of the 2D-TiO2 binding energy is likely attributed to the 

extraordinary electron transfer between Ti atoms and O atoms caused by the crystal 

distortion in the nanosheet structures. In contrast to the traditional band engineering 

strategy based on the introduction of Ti3+ defects, such structure-induced electron 

transfer could avoid the formation of carrier recombination centers during the 

photocatalytic process and thus enhance their catalytic activities. It is noteworthy that, 

there are two groups of Ti 2p characteristic peaks coexisting in the spectrum of 2D-

TiO2-250 and 2D-TiO2-350 samples, which are attributed to the 2D phase (463.2 eV 

for Ti 2p1/2 and 457.6 eV for Ti 2p3/2) and bulk phase (465.3 eV for Ti 2p1/2 and 459.7 

eV for Ti 2p3/2) respectively. The detection of bulk phase in the XPS spectrum of these 

samples should be resulted from the aggregation and sintering of TiO2 nanosheets 

under thermal effect, which is coincident with the observations in TEM 

characterization. In addition, the special 2D-structure-induced charge unsaturation in 

2D-TiO2 structure can also be confirmed by the electron paramagnetic resonance (ESR) 

spectrum. As shown in Figure 3-S2, the broad signal at g = 1.99 in 2D-TiO2-350 should 

be assigned to the unpaired electrons around Ti atoms, which are aroused by the 

structure-induced charge transfer between Ti and O atoms. In contrast, such signal was 
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not detected in the bulk TiO2 structures (P25 and 2D-TiO2-550), indicating that no 

electron transfer behavior occurred in these structures, and the Ti atoms stayed at the 

normal Ti4+ states, which coincides well with the above XPS results. 

 

Figure 3-2 (a) XRD patterns of 2D-TiO2 nanosheets, 2D-TiO2-T and P25 samples. (b) Raman spectra 

of 2D-TiO2 nanosheets, 2D-TiO2-T and P25 samples. The inset shows the enlarged Eg mode of the 

samples. (c) XPS spectra of 2D-TiO2 nanosheets, 2D-TiO2-T and P25 samples. 

 

UV-vis diffuse reflectance spectra (DRS) was studied to explore the optical properties 

of the 2D-TiO2 nanosheets and annealed 2D-TiO2-T samples (Figure 3-3a). The DRS 

spectra of P25 nanoparticles was also recorded as a reference. Due to the quantum 

confinement effect aroused by the ultrathin thickness of the nanaosheets, the optical 

absorbance of 2D-TiO2 sample exhibits a blue shift to the UV region compared to that 

of P25. However, when the 2D-TiO2 nanosheets were annealed at 250 and 350 ℃, the 

absorbance onset significantly shifted to the visible spectrum range due to the 2D-

structure-induced charge unsaturation which changed the electronic band structure. 

Furthermore, the partly aggregated configurations and stacked multilayer structures of 
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the annealed nanosheets suppressed the quantum confinement effect, which allowed 

much more incident photons to be absorbed by the samples. When the annealing 

temperature was increased beyond 450 ℃, the nanaosheet structures all transformed 

to bulk nanoparticles, meanwhile the structure-induce charge unsaturation was 

recovered through the regrowth of TiO2 crystals, as a result, the light absorbance of 

2D-TiO2-450 and 2D-TiO2-550 have reduced to the same level as that of P25 

nanoparticles. 

Another remarkable feature of 2D-TiO2 nanosheets is the high specific surface. As we 

known, the enlarged surface area is of great benefit for the exposure of abundant 

surface active sites in the photocatalytic reactions. The Brunauer-Emmett-Teller (BET) 

surface area of the samples was analyzed by N2 adsorption/desorption isotherms, the 

results are presented in Figure 3-3b. The 2D-TiO2 nanosheets have a very high BET 

surface area of 445.9 m2/g contributed by their 2D nature and thin thickness, which is 

almost ninefold as that of commercial P25 (52.4 m2/g). The surface areas of annealed 

2D-TiO2-250 (350.2 m2/g) and 2D-TiO2-350 (201.3 m2/g) samples are lower due to 

thermal aggregation but still maintain at a relatively high level in the family of TiO2 

materials. However, the surface areas drop down drastically for 2D-TiO2-450 and 2D-

TiO2-550 samples as the morphologies have transformed from 2D nanosheets to bulk 

crystals. 
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Figure 3-3 (a) UV-vis diffuse reflectance spectra and bandgap of 2D-TiO2 nanosheets, 2D-TiO2-T and 

P25 samples. (b) Nitrogen adsorption/desorption isotherms of 2D-TiO2, 2D-TiO2-T and P25 samples, 

the inset shows the BET surface area of 2D-TiO2 nanosheets, 2D-TiO2-T and P25 samples.   

 

The photocatalytic properties of as-prepared 2D-TiO2, 2D-TiO2-T and P25 were 

evaluated by the aerobic oxidation of benzyl alcohol and benzylamine under visible 

light irradiation (λ > 400 nm), which are two typical photocatalytic aerobic oxidation 

reactions. Figure 3-4 summarizes the yields of the product of the two reactions. Due 

to the poor crystallinity and wide bandgap of the 2D-TiO2 nanosheets, this catalyst 

performed the lowest catalyticactivity in both reactions. Crystallinity is a very 

important factor that will influence the photocatalytic property as it determine the 

photo-excited carrier mobility and recombination rate. Therefore, despite the 

broadened visible light absorption, the catalytic activities of 2D-TiO2-250 samples 

were still relatively low because the photo-excited carriers were not able to travel 

smoothly through the crystals due to their poor crystallinity. However, the 2D-TiO2-

350 catalysts exhibited the highest product yield in both reactions, which was one and 

a half times higher than that of commercial P25 catalyst. The reasons of the 

improvement could be attributed to several effects: 1. the narrowed bandgap aroused 

by the structure-induced charge unsaturation of the 2D-TiO2 nanosheets afforded more 

carriers to be excited by the incident light; 2. the excited carries were more easily 
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migrated from the bulk to the surface due to the enhanced crystallinity and thin 

thickness of the 2D nanosheets; 3. the enlarged surface area contributed more active 

interfaces between the catalysts and the reactants. As can be seen in the result, when 

the 2D nanosheet structures transformed to bulk particles under higher annealing 

temperature in the 2D-TiO2-450 and 2D-TiO2-550 samples, the catalytic activities of 

both reactions suffered a decrease due to the structural changes. However it is 

interesting that the catalytic performances of these two samples were still competitive 

to that of commercial P25 TiO2 catalysts, the possible reason could be that the pure 

anatase phases of 2D-TiO2-450 and 2D-TiO2-550 are more favorable to the aerobic 

oxidation reactions compared to the mixture phases of antase and rutile in P25 TiO2. 

The cycling test of the photocatalytic activity of 2D-TiO2-350 samples in the benzyl 

alcohol oxidation reaction are shown in Figure 3-S3. After six reaction cycles, the 2D-

TiO2-350 samples did not exhibit obvious decline, and the phase composition and 

crystal structure of the samples did not present any change compared to those before 

the reaction as indicated by the XRD test in Figure 3-S4, performing a good cycling 

stability in the photocatalytic oxidation process. 
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Figure 3-4 Photocatalytic performance of 2D-TiO2 nanosheets, 2D-TiO2-T and P25 catalysis under 

irradiation of visible light. (a) Photocatalytic oxidation of benzyl alcohol. (b) Photocatalytic oxidation 

coupling of benzylamine. 

 

3.4 Conclusions 

In summary, we demonstrated a strategy to modify the chemical state and electronic 

structure of metal oxide semiconductor realized by the structure-induced charge 

unsaturation in the homogeneous 2D-TiO2 nanosheets. Compared to normal bulk 

structures of TiO2, the modified homogenous 2D-TiO2-350 nanosheet structure 

exhibited an unconventional electronic state, broadened visible-light absorption and 

boosted photocatalytic activity in the aerobic oxidation reactions. This work gives new 

insight on modifying the electronic band structure of metal oxide semiconductors 

towards efficient photocatalytic reactions driven by visible light. 
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Figure 3-S1 Low (a) and high (b) magnification TEM image of P25. 
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Figure 3-S2 EPR spectrum of P25, 2D-TiO2-350 and 2D-TiO2-550 samples. 
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Figure 3-S3 Cycling test of aerobic oxidation reaction of benzyl alcohol for with 2D-TiO2-350 catalysts 

under visible light irradiation, each cycle was conducted for 20 hours. 
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Figure 3-S4 XRD pattern of 2D-TiO2-350 catalysts after 6 reaction cycles. 
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Chapter 4. Strongly interfacial-coupled 2D-2D TiO2/g-C3N4 

Heterostructure for Enhanced Visible-light 

Induced Synthesis and Conversion 

Introductory Remarks 

This chapter presents the work of an interfacially coupled TiO2/g-C3N4 2D-2D 

heterostructure has been prepared via in situ growth of ultrathin 2D TiO2 on dispersed 

g-C3N4 nanosheets. This strongly coupled 2D-2D TiO2/g-C3N4, different from the 

weakly bonded 2D-TiO2/g-C3N4 heterostructures produced by mechanical mixing, has 

unique electronic structures and chemical states due to strong interlayer charge transfer, 

confirmed by both experimental and theoretical analyses. Significantly enhanced 

visible-light responses have been observed, indicating a great potential for visible-light 

induced photosynthesis and photocatalysis. For benzylamine oxidation coupling 

reactions under visible light irradiation for 20 h, 80% yield rate has been achieved, 

superior to ~30% yield rate when adopting either 2D-TiO2 or g-C3N4, structure. The 

enhanced photocatalytic activity can be attributed to the adequate separation of photo-

generated electrons at the strongly coupled 2D-2D interfacial heterojunctions. 
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4.1 Introduction 

Two-dimensional (2D) nanosheet-based nanocomposites have attracted intensive 

interest owing to the unique electronic and optical properties from their constituent 

phases and the synergistic effect from the heterojunctions. In this study, an interfacially 

coupled TiO2/g-C3N4 2D-2D heterostructure has been prepared via in situ growth of 

ultrathin 2D TiO2 on dispersed g-C3N4 nanosheets. This strongly coupled 2D-2D 

TiO2/g-C3N4, different from the weakly bonded 2D-TiO2/g-C3N4 heterostructures 

produced by mechanical mixing, has unique electronic structures and chemical states 

due to strong interlayer charge transfer, confirmed by both experimental and 

theoretical analyses. Significantly enhanced visible-light responses have been 

observed, indicating a great potential for visible-light induced photosynthesis and 

photocatalysis. For benzylamine oxidation coupling reactions under visible light 

irradiation for 20 h, 80% yield rate has been achieved, superior to ~30% yield rate 

when adopting either 2D-TiO2 or g-C3N4, structure. The enhanced photocatalytic 

activity can be attributed to the adequate separation of photo-generated electrons at the 

strongly coupled 2D-2D interfacial heterojunctions. 

Over the past decade, two-dimensional (2D) nanomaterials have drawn significant 

interests due to its salient physical, chemical, and electronic properties aroused by their 

confined thickness and large surface area.[1-3] With such excellent features endowed 

by 2D structural characteristics, 2D nanomaterials have been successfully applied in a 

wide range of areas, including photocatalysis, electrocatalysis, energy storage and 

conversion devices, sustainable fuel generation, and so on.[4-7] For example, 2D metal 

oxides, as most of them are semiconductors and exhibit unique band structures, have 

shown great potential for optoelectronic devices and solar energy harvesting and 

conversion.[8-10] Particularly, ultrathin 2D-TiO2 nanosheets that possess the features 
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of atomic level thickness, significant quantum confinement effect, ultrafast interlayer 

transport properties, and extraordinary coupling behaviours with heterostructures have 

presented promoted performances in some typical applications, including solar cells, 

photodetectors, and rechargeable batteries.[11-13] As another example, graphitic 

carbon nitride (g-C3N4), a non-metal semiconductor material composed with two of 

the most earth-abundant elements, is chemically and thermally stable, environmentally 

friendly, cost-effective, and most importantly, a favourable bandgap of 2.7 eV, has 

been demonstrated to be an important metal-free catalyst for effective photocatalysis 

and electrochemical catalysis.[14]  

Even though the unparalleled advantages endorse the 2D nanomaterials with 

promising potential for a wide range of applications, both the pristine 2D metal oxides 

and g-C3N4 suffer from some intrinsic defects, such as low electric conductivity and 

low visible light responsibility.[15, 16] To overcome these shortcomings of the pristine 

2D metal oxides and g-C3N4, the formation of heterostructures that combines the 

merits of different 2D nanostructures have been developed.[17, 18] Very recently, the 

2D-2D heterostructure bonded by weak van de Waals (vdW) forces have been found 

possessing superior performances than the individual constitutional 2D 

nanomaterials.[19-21]   For example, the 2D vdW heterostructures with well-designed 

band alignment can boost the energy efficiency of optoelectronic devices.[22] Inspired 

by this, we are wondering that the 2D-2D heterostructures with stronger interfacial 

coupling could also achieve some incomparable properties as those weakly vdW 

bonded heterostructures.     

In this work, 2D-2D TiO2 nanosheet/g-C3N4 heterostructure with strongly interfacial 

coupling was synthesized by direct growth of ultrathin 2D-TiO2 nanosheets on the 2D 

g-C3N4 templates. Different to the commonly used method for fabricating weakly 
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contact 2D-2D heterostructures through physically mixing two oppositely surface 

charged 2D nanosheets, this in-situ growth of 2D-TiO2 nanosheet on 2D g-C3N4 allows 

the formation of strong chemical bonds between the nanosheets during the self-

assembly. As a result we expected, much more significant charge transfer and stronger 

interfacial coupling occur of the in-situ grown, strongly bonded 2D-2D 

heterostructures than the corresponding physically mixed, weakly bonded 2D-2D 

heterostructures, and endorse the materials with much enhanced catalytic activities, 

particularly under visible light irradiations. We therefore proposed that the strongly 

coupled 2D-2D heterojunctions can further alter the interfacial electronic structure and 

much enhance visible light induced photosynthesis and photocatalysis activities, 

would provide us a new path for designing novel 2D based catalysts towards high-

performance photocatalysis or electrochemical catalysis. .  

4.2 Experimental 

4.2.1 Materials 

Cyanuric acid, melamine, Titanium (IV) isopropoxide (TTIP, 97%), poly(ethylene 

glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (PEO20-PPO70-

PEO20, Pluronic P123) and ethylene glycol (EG, anhydrous, 99.8%) were purchased 

form Sigma-Aldrich. Hydrochloric acid (HCl, 32%) and ethanol (absolute) were 

obtained from Ajax Finechem. All chemical reagents were used without further 

modification. 

4.2.2 Synthesis of g-C3N4 

g-C3N4 was synthesized using the cyanuric acid−melamine supramolecular precursor 

according to a previous report. The typical synthetic procedure was as follow: First, a 

1:1 molar ratio of cyanuric acid and melamine were mixed in water and shaken for 24 

h at room temperature. Then, the obtained milky suspension was centrifuged and 
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washed with water three times and dried at 50 °C under vacuum. Afterward, the 

precursor powder was annealed in capped crucibles at 550 °C for 4 h at a heating rate 

of 2.3 °C/min in nitrogen atmosphere. After cooling down, the yellow g-C3N4 powder 

was collected. 

4.2.3 Synthesis of 2D-TiO2/g-C3N4 composites 

Firstly, suitable amount (5, 10, 50, 100 mg) of as-prepared g-C3N4 powder was 

dispersed in 20 ml EG solution and ultrasonic stirred for 60 min. In the meantime, 1.05 

g TTIP solution was dissolved in 0.74 g concentrated HCl solution with vigorous 

stirring (bottle A); and 0.2 g Pluronic P123 was added into 3.0 g ethanol (bottle B). 

After stirring for 10 min, the solution in bottle B was poured into bottle A and stirred 

for another 20 min. 2.5 ml mixture solution of A and B was added in 20 ml g-C3N4/EG 

and then transferred into a 45 ml autoclave and heated at 150 oC for 20 h. The products 

of the hydrothermal reaction were washed with ethanol three times, and the yellow 

powders were collected after washing/centrifugation and drying at 80 oC for 24 h. The 

final products were calcined at 300 ℃ for 1 h before using as photocatalysts. The 

mechanically mixed 2D-TiO2/g-C3N4 composites were synthesized via a simple 

solution mixing method. Firstly, 100 mg as-prepared 2D-TiO2 and g-C3N4 powder 

were pretreated with diluted acid and alkali, respectively, and mixed in 100 ml 

deionized water. The mixed solution was further stirred for 2h at 600 rpm and then 

centrifuged and dried at 80 oC for 24 h. The as-prepared mechanically mixed 2D-

TiO2/g-C3N4 composites are named TC-33.3%-mix. 

4.2.4 Characterization  

The morphologies of the samples were characterized by field emission scanning 

electron microscopy (FESEM, JEOL 7001F) and transmission electron microscopy 

(TEM, JEOL 2100). The accelerating voltage was 5 kV for SEM and 200 kV for TEM. 
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X-ray photoelectron spectroscopy (XPS, Al Kα, 1486.6 eV) was recorded on a Kratos 

Axis Ultra photoelectron spectrometer. The crystal information of the samples was 

obtained by X-ray diffraction facility (XRD, Philips Panalytical X’Pert MPD) using 

Co Kα radiation (λ=0.179 nm) at power source of 40 kV and 40mA. Diffuse 

reflectance UV-visible spectra was collected on a Cary 5000 UV-Vis-NIR 

spectrometer (DRS UV-vis, Agilent) using BaSO4 as reference. Brunauer-Emmett-

Teller (BET) surface area of the samples was measured by N2 adsorption/desorption 

isotherms (Micromeritics Tristar 3020) performed at 77 K. 

4.2.5 Photocatalytic activity test 

Photocatalysis of dye degradation: 5mg of catalysts were dispersed in 10 ml of 

rhodamine 6G aqueous solution (10 mg/L). The suspended solution was stirred in the 

dark for 1 h to reach its adsorption equilibrium and then it was put under a 500W 

halogen lamp (400-750 nm) with illumination intensity of 0.5 W/cm2. Degradation 

was monitored by taking aliquots every 10 minutes. These aliquots were centrifuged 

to remove the solid particles and then tested using a Cary 60 UV-vis spectrometer to 

get the absorption spectra. Photocatalysis of benzylamine oxidation: 10 mg of catalyst 

was dispersed into 2 ml toluene containing 0.2 mmol benzylamine in a 10 ml Pyrex 

glass tube. The reaction was conducted under irradiation of a 50 W halogen lamp (0.5 

W/cm2) at 35 ℃ for 200 hours. After the reaction, the aliquots were collected, 

centrifuged, and then filtered through a Millipore filter (pore size 0.45 μm) to remove 

the catalyst particles. The products were analyzed by gas chromatography (GC, 

Agilent). 

4.3  Results and discussion 

In this work, both the strongly coupled and the weakly coupled 2D-2D TiO2-g-C3N4 

heterostructures were fabricated respectively through an in-situ growth and physically 
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mixing methods. Figure 4-1a presents our concept for the in-situ synthesis of strongly 

coupled 2D-2D TiO2/g-C3N4 heterojunctions via a wet-chemistry self-assemble 

approach. In a typical synthesis process, the as-prepared g-C3N4 powder was first 

dispersed in ethylene glycol (EG) and then mixed with the ethanol solution containing 

polyethylene oxide - polypropylene oxide - polyethylene oxide (PEO20-PPO70-PEO20, 

Pluronic P123) surfactant and inorganic Titinum isopropoxide (TTIP) procursor. In 

this step, the surfactant molecules were supposed to be attached on the surface of g-

C3N4 nanosheets to form a surfactant attached substrate, and then the hydrated titanium 

precursor oligomers were self-assembled into layered oligomer agglomerates guided 

by the lamellar micelles of surfactant. After the hydrothermal process and the removal 

of organic surfactants, the well-organized TiO2 nanosheets were uniformly anchored 

to the surface of g-C3N4 substrates, leading to the formation of strongly bonded 2D-

TiO2-2D g-C3N4 heterojunctions. This method is adopted from the successful synthesis 

of atomically thin 2D-TiO2 nanosheets from molecules developed in our previous 

report.[23] Via the wet-chemical synthesis approach, we prepared a series of 2D-

TiO2/g-C3N4 nanocomposites with different weight content of g-C3N4, namely TC-5%, 

TC-10%, TC-33.3%, and TC-50%, respectively, where the numbers stand for the 

weight percentage of g-C3N4 in the composites. It should be noted that the TC-33% 

sample corresponds to a 1:1 volume ratio of 2D ultrathin TiO2 nanosheets (density is 

4.23 g/cm-3) to g-C3N4 (density is 2.18 g/cm-3). As a comparison, weakly bonded 2D-

2D TiO2/g-C3N4 heterostructures were prepared by physically mixing the acid or alkali 

pretreated ultrathin 2D-TiO2 nanosheets and g-C3N4 nanosheets into aqueous solvents, 

which adsorbed with each other through tailored surface electrostatic force. Typically, 

the sample donated as TC-33.3%-mixing was prepared for the purpose of comparison. 

The morphology and microstructures of the fabricated strongly coupled 2D-2D 
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TiO2/g-C3N4 heterostructures were characterized by a transmission electron 

microscope (TEM). Figure 4-1b-d show the TEM images of TC-33.3%. As can be 

clearly observed in Figure 1b, the obtained nonaocomposite presents a typical 

“graphene-like” 2D nanaosheet morphology with the edges curled up aroused by high 

surface tension, which is a common phenomenon existed in 2D nanomaterials. The 

morphologies of 2D-TiO2 and g-C3N4 can be clearly distinguished from each other as 

shown in the higher magnification TEM image (Figure 4-1c), and the 2D-TiO2 and g-

C3N4 nanosheets are stacked to form 2D-2D heterojunctions, where the darker parts in 

the middle of the image are the g-C3N4 ingredients according to the morphology of 

pure g-C3N4 shown in Figure 4-S1. The formation of 2D-TiO2/g-C3N4 heterojunctions 

can be further identified in the HRTEM image. As shown in Figure 1d, the 

distinguished interface between the crystallized 2D-TiO2 and the g-C3N4 is clearly 

observed. Furthermore, EDX mapping analysis of both TEM (Figure 4-1e) and SEM 

(Figure 4-S2) confirmed the distribution of C, N, Ti, and O elements corresponding 

to the uniform configuration of 2D-TiO2 and g-C3N4 in the TC-33.3% sample.  
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Figure 4-1 Synthetic process and morphological characterizations of 2D-TiO2/g-C3N4 nanocomposites. 

(a) Schematic illustration of the synthesis of 2D-TiO2/g-C3N4 heterojunctions via in situ self-assembly 

hydrothermal approach; (b, c) Low- and (d) high- resolution TEM images of TC-33.3% nanocomposites; 

(e) TEM EDX mapping images of TC-33.3% nanocomposites. 

 

No distinct difference on the samples with different interfacial coupling states can be 

judged from the morphologies, but it can be clearly reflected from the chemical states 

and crystal structures of the bonding atoms and the constitutional nanosheets.  Figure 

4-2a and Figure 4-S3 illustrate the crystal phase composition of the 2D-TiO2/g-C3N4 

nanocomposite identified by X-ray diffraction (XRD) characterization technique 

collected on pristine 2D-TiO2, phase-pure g-C3N4, and as-synthesized TC-33.3% 2D-

2D heterostructure. In the TC-33% heterostructure, the characteristic peaks from both 

the constitutional nanosheets were identified. For example, the peak at 32.1o for the 

(002) facet diffraction arising from the stacking of conjugated aromatic layers of g-

C3N4,[24, 25] and the peaks assigned to anatase (101) and rutile (110) and (200) of the 

2D-TiO2 nanosheets were observed in the TC-33% XRD patterns.[23] If we enlarge 
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the main peaks for those three sample, as shown in the inset of Figure 2a, the 

corresponding peaks for TC-33% were drafted to either lower or higher degrees. 

Compared to pristine 2D-TiO2, the peaks of the heterostructure for TiO2 shifted to 

lower degrees, indicating larger lattice parameters of the 2D-TiO2 nanosheets in the 

strongly bonded heterostructure, while the peak for g-C3N4 shifted to a higher degree 

corresponding to smaller lattice parameters.[26] The drifting of the XRD patterns of 

the nanocomposite is definitely aroused by the strain of the heterostructure, where the 

2D-TiO2 is undergone a tensile stress and the g-C3N4 nanosheet is suffering from a 

compressive stress.[27]  This lattice distortion identified by XRD is one concrete 

evidence of the formation of strongly bonded 2D-2D TiO2/g-C3N4 heterostructure. In 

addition, there are two peaks at the lower degrees with d values of 1.2 and 0.62 nm, in 

the TC-33.3% patterns, which can be assigned to the structural periodicity of the 

nanosheets.[12]   

 

Figure 4-2 XRD, XPS pattern and DFT computational results of 2D-TiO2/g-C3N4 nanocomposites 

composites. (a) XRD pattern of g-C3N4, 2D-TiO2 and TC-33.3% samples; High resolution XPS spectra 

of (c) Ti 2p core level and (d) N 1s core level of TC-33.3% composites; (e) calculated charge transfer 

density plots along the interface of 2D-TiO2/g-C3N4 nanocomposites; (f) calculated band structure of 



 

Chapter 4 Strongly interfacial-coupled 2D-2D TiO2/g-C3N4 Heterostructure for Enhanced Visible-light Induced 

Synthesis and Conversion 85 

2D-TiO2/g-C3N4 nanocomposites; (g) calculated light absorption spectra of 2D-TiO2/g-C3N4 

nanocomposites. 

 

The chemical states of 2D-TiO2, g-C3N4, the strongly coupled TC-33.3%, and the 

physically mixed, weakly bonded TC-33%-mix samples were investigated by an X-

ray photoelectron spectroscopy (XPS) technique (Figure 4-2b-d), which also directly 

reflected the difference between the strongly coupled TiO2/C3N4 heterostructure and 

the weakly bonded TiO2/C3N4 heterostructure. As can be seen in Figure 2b, all 

elements, including C, N, O, and Ti were detected in the survey spectra of TC-33.3%. 

It should be noted that O was also found in bulk-C3N4, attributed by the adsorbed 

hydroxyl groups and the formed defects,[28] and trace of C was identified in pristine 

TiO2 aroused by the surface adventitious carbon from the surfactants.[29] Figure 4-2c 

presents the corresponding high-resolution Ti 2p spectra collected on 2D-TiO2, 

strongly coupled TC-33%, and weakly bonded TC-33.3%-mix. As we previously 

reported, the Ti 2p core levels of the ultrathin 2D TiO2 nanosheets present significant 

shifting towards bulk TiO2 crystals, indicating a more reduced state of Ti in the 

nanosheets.[23] When strongly coupled with g-C3N4 nanosheets, the Ti 2p states 

further shifted to lower binding energy, which means that more electrons were 

transferred from g-C3N4 and made the Ti become more reduced compared to the 

pristine TiO2 nanosheets, while this shifting was almost ignorable for the physically 

mixed, weakly bonded TC-33%-mix sample. The N 1s states shown in Figure 3-2d 

presented an opposite trend to Ti 2p, where those for TC-33% shifted to higher energy 

compare the pristine g-C3N4, indicating the transfer of electrons outwards N after 

coupling, and no significant change for the weakly bonded heterostructures. Based on 

the XPS results, it is very clear that there are obvious charge transfers from N to Ti in 

the strongly coupled 2D-2D heterostructures, while these charge transfers are much 

less in the weakly bonded 2D-2D TiO2/g-C3N4 heterostructures. The XPS data are thus 
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another solid evidence in confirming the formation of strongly coupled 2D-2D TiO2/g-

C3N4 heterostructure.  

In order to provide a deep understanding on the interfacial coupling state of the 

strongly bonded 2D-2D TiO2/g-C3N4 heterostructures, density functional theory (DFT) 

calculations were performed to investigate the coupling behaviours and the interfacial 

charge transfers along the heterojunction interface. As shown in Figure 2e, the atomic 

configuration and the calculated interfacial charge transfers were illustrated. The 

charge density difference at the interface of 2D-TiO2/g-C3N4 heterojunctions was 

investigated to reveal the interaction mechanism between g-C3N4 and 2D-TiO2. The 

charge density difference, Δρ(r), of 2D-TiO2/g-C3N4 heterostructure was calculated as 

Δ ρ(r) = ρ(r)2D−TiO2/g−C3N4 − [ρ(r)2D−TiO2 + ρ(r)g−C3N4 ]                (1) 

where ρ(r)2D-TiO2/g-C3N4 is the charge density of the heterojunction system and ρ(r)2D-

TiO2 and ρ(r)g-C3N4 are the charge densities of the individuals of 2D-TiO2 and g-C3N4, 

respectively. Owing to the strongly coupled interface of the heterojunctions, the charge 

transfer occurs sufficiently along the whole interface through the N-O-Ti bonds and 

results in much a significant gain of electrons in Ti atoms and the loss of electrons in 

N atoms, which consist with the experimental XPS data presented in Figure 2c-d. It 

has been reported that the electron unsaturation strongly correlates with the chemical 

reactivity of the materials,[30] and this significant interfacial charge transfer will 

definitely dramatically increase the activity of the 2D-2D TiO2/g-C3N4 

heterostructures. Such efficient interfacial charge transfer induced by strong 2D-2D 

coupling will also alter the electronic structure of the materials.[31] The band structure 

of the strongly coupled 2D-TiO2/g-C3N4 heterostructure was further calculated. As 

shown in Figure 2f, it is noted that some gap states formed in the band structure of 2D-

TiO2/g-C3N4, arising by the close interaction of the heterostructures. As a result, the 
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visible-light absorption of the heterostructures is much improved compared with that 

of individual 2D-TiO2 monolayer (Figure 4-2g). It is believed that the significant 

charge transfer and gap states induced by the strongly coupled 2D-2D heterostructures 

exhibit extraordinary interfacial coupling states, significantly enhanced interfacial 

charge transfer behaviors, and thus much improved electron unsaturation and visible-

light responsibility. 

 

The optical properties and the associated spectroscopy characterizations of the strongly 

coupled 2D-2D TiO2/g-C3N4 heterostructures have been performed on either the 

strongly coupled heterostructures with different ratios, the weakly bonded TC-33%-

mixing, or individual nanosheets (Figure 4-3 and Figure 4-S4). Figure 4-3a presents 

the UV-Vis diffuse reflectance absorption spectroscopy (DRS) measurements. It 

showed that the absorption onset is 380 and 465 nm for 2D-TiO2 and g-C3N4, 

respectively, corresponding to a band gap of 3.25 and 2.65 eV. For the strongly 

coupled 2D-TiO2/g-C3N4 heterojunctions, the DRS absorption edges of TC-5%, TC-

10%, TC-33.3%, and TC-50% showed a significant red shift from UV region to 

visible-light region compared to that of the 2D-TiO2, and the extent of red shift gets 

larger with the increase of g-C3N4 amount in the composites, indicating the significant 

influences of g-C3N4 in 2D-TiO2 on the band structure. The red shift of UV-vis 

absorption wavelength in the strongly coupled 2D-TiO2/g-C3N4 allows more photos to 

be absorbed by the materials and thus enhance the light utilizing efficiency. We also 

measured the UV-Vis absorption spectrum of the weakly bonded 2D-TiO2/g-C3N4, 

TC-33%-mix, as shown in Figure 4-S4a. It is very clear that this red shift of UV-vis 

absorption is much less significant for the weakly bonded heterostructures. The 

calculated band gap for the strongly bonded TC-33% reached 2.75 eV, while the band 
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gap for weakly bonded TC-33%-mix was 2.90 eV. This is another direct evidence on 

the much-enhanced interfacial charge transfers achieved by the formation of strongly 

coupled heterostructures. The photoluminescence spectra were recorded to reveal the 

migration of photo-generated carriers in the 2D-TiO2/g-C3N4 nanocomposites. Figure 

4-3b shows the photoluminescence (PL) spectra of 2D-TiO2, TC-5%, TC-10%, TC-

33.3%, TC-50%, and g-C3N4 samples at the excitation wavelength of 320 nm. Pristine 

g-C3N4 has a strong peak around 460 nm in the PL spectrum, which can be attributed 

to the band-band PL phenomenon, i.e. the emission light energy is approximately equal 

to the bandgap energy of g-C3N4.[32] Once 2D-TiO2 were coupled on the g-C3N4 

nanosheet, the emission intensity of PL spectra decreases significantly, suggesting that 

the g-C3N4/TiO2 nanosheet has a lower recombination rate of photo-generated 

electron–hole pairs than g-C3N4, which is favourable for the photocatalytic reactions. 

The FT-IR spectra of 2D-TiO2, g-C3N4, and TC-x nanocomposites are shown in Figure 

4-3c. The spectra shows that all the spectra of TC-x samples are combination of the 

characteristic peaks of 2D-TiO2 and g-C3N4. Specifically, the absorption band between 

600 and 800 cm−1 denotes the stretching vibration of Ti-O-Ti. The sharp absorption 

peak at 808 cm−1 is attributed to the out-of-plane bending vibration of tri-s-triazine 

units of g-C3N4. The intense absorption band between 1240 and 1640 cm−1 is ascribed 

to the typical C-N and C=N stretching vibration of tri-s-triazine rings, and the wide 

absorption band between 3000 and 3600 cm−1 is due to the stretching vibration of 

terminal NH groups of g-C3N4.[33, 34] Owing to that the characteristic vibration bands 

associating with heavy metal atoms are usually located in the wavelength range lower 

than 500 cm-1, no significant interfacial N-O-Ti vibrations can be identified in the 

FTIR spectra except for the minor changes observed in the range of 800-500 cm-1.[35] 

As can be seen in Figure 4-3a-c, the characterization results of TC-x samples show a 
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very close relationship with the addition amount of g-C3N4 in the heterostructures. In 

Figure 4-3d, the data of the UV-vis DRS absorption onset, PL intensity, and FTIR 

transmission rate of the TC-x sample were collected to draw a variation tendency graph 

as a function of the g-C3N4 weigh percentage.  From this graph it can be noted that a 

liner relation to the g-C3N4 amount in the heterostructures has been observed, 

suggesting that the g-C3N4 are well incorporated into the heterojunctions in a similar 

bonding state. In addition, the results of Brunauer-Emmett-Teller (BET) surface areas 

of the heterostructures are also proportional to the g-C3N4 amount. As shown in Figure 

4-S5, the BET surface areas of 2D-TiO2, TC-5%, TC-10%, TC-33.3%, TC-50%, and 

g-C3N4 are 385.6, 355.1, 325.9, 249.4, 169.1, and 43.4 m2/g, respectively, as 

determined by N2 adsorption/desorption isotherms, presenting a linear decreasing 

trend with the increase of g-C3N4 amount in the heterostuctures. The weakly bonded 

2D-2D TC-33%-mix, however, does not share similar trends to the strongly bonded 

counterpart, TC-33%, as the data shown in Figure 4-3d, which again real the 

differences brought by the interfacial coupling states.  
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Figure 4-3 Optical properties and FTIR spectra of 2D-TiO2/g-C3N4 nanocomposites. (a) UV-vis diffuse 

reflectance spectra, (b) PL spectra and (c) FTIR spectra of 2D-TiO2, TC-5%, TC-10%, TC-33.3%, TC-

50% and g-C3N4, with the inset in (a) showing the bandgap of corresponding samples; (d) the change 

of UVvis absorption, PL intensity and FTIR transmission as a function with the increase of the weight 

percentage of g-C3N4 in the TC composites.  

 

It is obvious that the formation of strongly coupled 2D-2D heterostructures has 

significantly enhanced the interfacial chemical coupling, the extraordinary interfacial 

charge transfers, and the visible light responsibility. To confirm the unique bonding 

states on the chemical reactivity of the heterostructures, the catalytic activities of the 

2D-2D TiO2/g-C3N4 heterostructures driven by visible light have been examined 

systematically.  

The typical visible light driven photosynthesis reaction, the oxidation and coupling of 

benzylamine into dibenzulamine, catalyzed by either the strongly coupled 
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heterostructures or the pristine 2D-TiO2 or g-C3N4 nanosheets, were investigated under 

visible light irradiation. As shown in Figure 4-4a, the pristine g-C3N4 presented the 

lowest activity towards benzylamine oxidation and coupling, and only ~30% of 

product was detected after 20 hours visible light irradiation. The pristine 2D-TiO2 is a 

little bit better than g-C3N4 nanosheets, which gives a 40% conversion after 20 hours. 

It is interesting that the highest conversion of 80% after 20 h was reached by the 

addition of strongly coupled TC-33% catalyst, which corresponding to 100% coverage 

of the nanosheets by its counterpart or 1:1 in terms of volume ratio of g-C3N4 to TiO2. 

The inferior photocatalytic reactivity of the pristine nanosheets can be attributed to the 

wide bandgap of 2D-TiO2 or the high carrier recombination rate of g-C3N4. By 

constructing strongly coupled heterostructures, both the band gap and carrier 

recombination issues can be solved. The reason why TC-33.3% showed the highest 

activity than other TC-x heterostructures is that this composition reaches 1:1 in volume 

and can give 100% match of these two nanosheets to form heterostructures. As we 

mentioned above, the strongly coupled heterostructures exhibited extraordinary 

interfacial coupling and charge transfer behoviors, and thus the 100% matched 

hetoerstructure achieves the highest visible-light absorption and lowest carrier 

recombination rate. The impact of the light intensity on the photocatalytic reaction rate 

over 2D-TiO2, g-C3N4, and TC-33.3% was evaluated by varying the light intensity 

while maintaining other conditions unchanged. As shown in Figure 4-4b, it clearly 

seen that the increase in light intensity resulted in a linear increase in the reaction rate 

for all three catalysis, due to more photo-induced electrons and holes could promote 

the oxidation and coupling reactions. 
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Figure 4-4 Photocatalytic performance of organic reaction and dye degradation over 2D-TiO2/g-C3N4 

nanocomposites. (a) Photocatalytic activity and (b) the reaction rate of the benzylamine oxidation 

coupling over 2D-TiO2, g-C3N4 and TC-x samples under visible-light irradiation; (c) catalytic activity 

and (d) kinetic curves of the rhodamine 6G photodegradation tests over 2D-TiO2, TC-5%, TC-10%, 

TC-33.3%, TC-50% and g-C3N4.  

 

To demonstrate the visible light driven reactivity of the heterostructures, the 

photocatalytic activities of 2D-TiO2, g-C3N4, and the strongly coupled heterostructures 

were further evaluated by the Rhodamine 6G dye degradation test under visible-light 

irradiation (Figure 4-4c). As demonstrated in Figure 4-S6, it can be calculated that 

60% and 50% of the dye was degraded after 60 min with the addition of pristine 2D-

TiO2 and g-C3N4, respectively, while all the strongly coupled 2D-TiO2/g-C3N4 

heterostructures presented higher photodegradation rate than both of 2D-TiO2 and g-

C3N4, confirming the synergistic effect of the heterojunctions. Similar to the 

benzylamine oxidation and coupling reations, TC-33.3% exhibited the highest 
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photocatalytic activity and 85% of the dye degraded after 60 min visible light 

irradiation, owing to the 100% coverage of the heterostructures. The kinetic curves for 

the Rhodamine 6G dye degradation over 2D-TiO2, g-C3N4, and TC-x heterostructures 

are plotted and displayed in Figure 4-4d. They can be fit well with the pseudo-first 

order correlation, ln (C0/C) = kt, where k is the apparent reaction rate constant, C0 and 

C are the initial and instantaneous concentrations of Rhodamine 6G, respectively. One 

can easily compare the photocatalytic performance of different photocatalysts, based 

on the k values. In contrast to pristine g-C3N4 (k = 0.012 min-1) and 2D-TiO2 (k = 

0.016 min-1), the TC-33% heterostructure presented a two-fold enhancement in terms 

of the reaction kinetics (k = 0.03 min-1). It is very clear that the TC-33% heterostructure 

provides the highest reactivity towards the visible-light driven dye degradation. The 

enhanced visible light induced photosynthesis and conversion, as we demonstrated in 

this article, is from the unique coupling states of the heterostructures. Compared to the 

widely studied weakly bonded heterostructures, these strongly coupled 

heterostructures prepared through in-situ self-assembly presented extraordinary 

bonding states, much enhanced interfacial charge transfers, improved electron 

unsaturation, and superior visible-light responses, and thus exhibited enhanced visible-

light driven catalytic activity.  

4.4 Conclusions 

In this work, we successfully constructed strongly interfacially bonded 2D-2D 

ultrathin TiO2/g-C3N4 heterostructures via an in situ molecular self-assembly routine. 

The as-prepared strongly coupled nanojunctions have a uniform 2D morphology with 

very distinct features as compared to the weakly bonded counterparts prepared by 

mechanical mixing. For example, significantly drifted peaks are observed in various 

spectroscopy analyses, attributed to interfacial charge transfers. The strongly coupled 
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2D-2D TiO2/g-C3N4 heterostructures thus exhibit much narrowed band structures, 

enhanced visible light absorption, and superior chemical reactivity. When used as 

photocatalyst, the strongly coupled heterostructures present almost two-fold efficiency 

in visible light driven photosynthesis or conversion reactions compared to either 2D-

TiO2 or g-C3N4, structure. This work thus demonstrates a possibility of designing new, 

and 2D heterojunction based catalysts.     
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Figure 4-S1 TEM image of as-prepared g-C3N4 nanosheets. 
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Figure 4-S2 SEM EDX mapping images of TC-33.3% nanocomposites. 
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Figure 4-S3 XRD pattern of 2D-TiO2, TC-5%, TC-10%, TC-33.3%, TC-50% and g-C3N4 samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Chapter 4 Strongly interfacial-coupled 2D-2D TiO2/g-C3N4 Heterostructure for Enhanced Visible-light Induced 

Synthesis and Conversion 101 

 

Figure 4-S4 (a) UV-vis diffuse reflectance spectra, (b) FTIR spectra and (c) PL spectra of TC-33.3% 

and TC-33.3%-mix. 
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Figure 4-S5 (a) Nitrogen adsorption/desorption isotherms and (b) the BET surface area of 2D-TiO2, 

TC-5%, TC-10%, TC-33.3%, TC-50% and g-C3N4 samples. 
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Figure 4-S6 UV-visible spectrum changes of Rhodamine 6G dye over g-C3N4, 2D-TiO2 and TC-33.3% 

under visible-light irradiation. 
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Chapter 5. 2D-TiO2 nanosheets as substrates for Pt 

photocatalyst 

Introductory Remarks 

This chapter presents the work of novel 2D-TiO2 nanosheets as the substrate to load noble 

metal Pt particles, which showed superb photocatalytic performance in a series of organic 

transforming reactions. When used for aerobic oxidation under visible light, the Pt loading on 

2D-TiO2 substrates (Pt/2D-TiO2) promote the reaction more efficiently than the Pt loading on 

commercial P25 (Pt/P25). Such improvement could be attributed to the abundant surface 

active sites of 2D-TiO2 aroused by its large surface area and the uniform distribution of noble 

metal particles on 2D surfaces. This research indicates the advantages of 2D nanomaterial as 

substrates in metal-loading catalysts, and could provide some beneficial reference for the field 

of visible-light driven photocatalyst. 
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5.1 Introduction 

 

Due to the daily increasing energy and environmental challenge around the global 

society, people are seeking scientific solutions to increase the energy utilizing 

efficiency and reduce the environmental pollution. Semiconductor photocatalysts have 

been accepted as a good solution due to their potential applications in photocatalytic 

water splitting and organic pollution degradation via a sustainable routine.[1-6] Given 

a wide range of photocatalysts that have been reported to be successfully employed in 

photocatalytic reactions, TiO2 has been one of the most widely investigated 

photocatalyst due to its salient physical and chemial stability and relatively low 

cost.[7-8] However, as a member of semiconductor family, the chemical nature of 

TiO2 determines that it can only be activated by ultraviolet-light irradiation, which has 

distinctly limited its application in visible-light photocatalysis areas.[9] For example, 

TiO2 photocatalysts have usually been reported to be successfully applied in the fields 

of dye degradation or pollutant treatment, while compared to its effectiveness in such 

systems, however TiO2 is not effective enough to perform organic syntheses with high 

productivity and selectivity, especially under visible-light irradiation.[10] Conducting 

visible-light-driven selective organic reactions by TiO2 photocatalysts remains yet a 

grand challenge. 

To solve the low light absorption efficiency of single-phase TiO2 photocatalyst, 

constructing TiO2 with other narrow band gap semiconductor or noble metal to form 

TiO2-based heterostructures has been considered as an effective method to promote its 

photocatalytic performance,[10-11] as the TiO2-based heterostructures could 

significantly enhance the light absorption in visible region and meanwhile reduce the 

charge recombination rate. [12-13] The constructing of TiO2-based heterostructures 

with noble metals can improve the photocatalytic properties in two aspects. Firstly, the 
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loaded noble metals on the TiO2 surfaces can induce an electron trap to avoid the 

electrons form recombination with holes.[14-15] More importantly, the loading of 

noble metals such as Pt on TiO2 can generate a Schottky barrier at the interface 

between Pt and TiO2, which effectively captures the photo-generated electrons and 

reduces the rate of electron-hole recombination and promotes the organic transforming 

reactions.[16-17] Recently, loading noble metal atoms on TiO2 substrates to boost the 

photocatalytic activities has attracted significant attention. For example, Chung et. al 

reported a one-pot synthesis approach to prepare Pt-containing TiO2 materials which 

showed superior properties in photo-reforming of methanol.[18] Matsubara and co-

workers prepared the Pt/TiO2 catalysts by the polygonal barrel-sputtering method and 

compared their photocatalytic water splitting performances to those prepared by the 

conventional photodeposition method.[19] 

It is reported that Pt particles exhibited an absorption band in the visible region, arising 

by the inter band transition of electrons inside the Pt atoms.[20-22] In this work, we 

demonstrated novel 2D-TiO2 nanosheets as the substrate to load noble metal atoms, 

which showed superb photocatalytic performance in a series of organic transforming 

reactions. When used for aerobic oxidation under visible light, the Pt loading on 2D-

TiO2 substrates (Pt/2D-TiO2) promote the reaction more efficiently than the Pt loading 

on commercial P25 (Pt/P25). Such improvement could be attributed to the abundant 

surface active sites of 2D-TiO2 aroused by its large surface area and the uniform 

distribution of noble metal particles on 2D surfaces. 

5.2 Experimental 

5.2.1 Materials 

Titanium (IV) isopropoxide (TTIP, 97%), poly(ethylene glycol)-block-poly(propylene 

glycol)-block-poly(ethylene glycol) (PEO20-PPO70-PEO20, Pluronic P123), 



 

Chapter 5 2D-TiO2 nanosheets as substrates for Pt photocatalyst 107 

chloroplatinic acid, L-ascorbic acid and ethylene glycol (EG, anhydrous, 99.8%) were 

purchased form Sigma-Aldrich. Hydrochloric acid (HCl, 32%) and ethanol (absolute) 

were obtained from Ajax Finechem. All chemical reagents were used without further 

modification. 

5.2.2 Synthesis of 2D-TiO2 nanosheets 

The synthetic method of 2D-TiO2 nanosheets was reported in our previous paper. In a 

typical synthetic process, 1.05 g TTIP solution was added into 0.74 g HCl under 

vigorous stirring in bottle A, and in bottle B, 0.2 g P123 was dissolved in 3.0 g ethanol. 

After the P123 in bottle B was completely dissolved, the solution was mixed with the 

solution in bottle A and kept stirring for another 20 minutes. Then 2.5 mL of the 

mixture solution was transferred into a 45 mL autoclave along with 20 ml EG. The 

solvothermal process was conducted in an oven at 150 ℃ for 20 hours. The products 

were obtained by centrifuging and washed in water once and ethanol 3 times. The 

white powders of 2D-TiO2 nanosheets were collected after drying at 120 ℃ for 8 hours.  

5.2.3 Synthesis of Pt/2D-TiO2 and Pt/P25 catalysts 

100 mg P25 TiO2 or as-prepared 2D-TiO2 powders were add into 10 ml water, the 

solution was ultrasonic stirred for 10 min to disperse the powder. Then appropriate 

amount chloroplatinic acid (40 mM) were added in to TiO2 water solution. After 

stirring for 15 h under room temperature, excessive amounts of L-ascorbic acid water 

solution were added dropwise into the solution. The mixture solution was kept stirring 

for another 4. The products were washed with deionized water and ethanol for 3 times. 

The Pt/TiO2 powders were collected after drying at 120 ℃ for 4 h. All the catalysts 

were calcined at 350 ℃ for 1 h before use.  

5.2.4 Characterization  
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The morphologies of the samples were characterized by field emission scanning 

electron microscopy (FESEM, JEOL 7001F) and transmission electron microscopy 

(TEM, JEOL 2100). The accelerating voltage was 5 kV for SEM and 200 kV for TEM. 

Diffuse reflectance UV-visible spectra was collected on a Cary 5000 UV-Vis-NIR 

spectrometer (DRS UV-vis, Agilent) using BaSO4 as reference.  

5.2.5 Photocatalytic activity test 

The photocatalytic activities of the as-prepared samples were estimated by the aerobic 

oxidation of benzyl alcohol, methoxybenzyl alcohol and nitrobenzyl alcohol in air 

under visible light irradiation. Oxidation of benzyl alcohol: 20 mg of catalyst was 

dispersed into 1 ml toluene containing 0.1 mmol benzyl alcohol in a 10 ml Pyrex glass 

tube. The reaction was conducted under irradiation of a 500 W halogen lamp (0.6 

W/cm2, λ > 400 nm) at 55 ℃ for 20 hours. Oxidation of methoxybenzyl alcohol and 

nitrobenzyl alcohol: 10 mg of catalyst was dispersed into 2 ml toluene containing 0.2 

mmol methoxybenzyl alcohol or nitrobenzyl alcohol in a 10 ml Pyrex glass tube. The 

reaction was conducted under irradiation of a 500 W halogen lamp (0.6 W/cm2) at 45 

C for 20 hours. After the reaction, the aliquots were collected, centrifuged, and then 

filtered through a Millipore filter (pore size 0.45 μm) to remove the catalyst particles. 

The products were analyzed by gas chromatography (GC, Agilent). 

5.3 Results and discussion 

The morphologies of as-prepared Pt/P25 and Pt/2D-TiO2 catalysts were characterized 

by SEM and TEM technics. The SEM images of Pt/P25 samples are shown in Figure 

5-1. It can be seen that all the Pt/P25 samples presented a well-organized P25 particle 

distribution, however the Pt particles loading on the P25 surfaces suffered from a serve 

agglomeration. As the Pt loading was higher, the more particles were aggregated to 

form Pt clusters. As it can be seen in Figure 1, the aggregated Pt clusters in Pt0.25/P25 
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are in sizes of several nanometers (Figure 5-1a, b), with higher Pt loadings, the sizes 

of Pt clusters get larger and reach about 20 nm in Pt2/P25 (Figure 5-1g, h). Such 

aggregation of Pt particles will badly reduce the total active sites of the catalysts and 

thus leads to a poor catalytic performance. 

 

Figure 5-1 Morphologies of Pt/P25 catalysts. (a, b) Low and high resolution SEM images of Pt0 25/P25 

catalysts; (c, d) Low and high resolution SEM images of Pt0 5/P25 catalysts; (e, f) Low and high 

resolution SEM images of Pt1/P25 catalysts; (g, h) Low and high resolution SEM images of Pt2/P25 

catalysts. 

 

The morphologies and particle distributions of Pt/2D-TiO2 samples were also 

investigated by electron microscope. Due to the relative small particle size, we 

performed TEM on these samples to better observe the distribution of Pt particles on 

2D-TiO2 surfaces. As shown in Figure 5-2, the 2D-TiO2 were clearly observed in all 

the samples, and some of the nanosheets were curled up completely to nanoscrolls and 

some others were sintered during the heating process. However, the 2D nanosheet 

structure can still be clearly distinguished in the TEM image. In the Pt0.25/2D-TiO2 

sample (Figure 5-2a), it can be seen that some small Pt particles with sizes about 2-3 

nm are dispersed uniformly on the 2D-TiO2 substrate. While the Pt loading increased 

to 0.5% and 1%, as demonstrated in Figure 5-2 b and c, the Pt particles are still well-
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dispersed, with their sizes being larger to about 3-5 nm. However, in the Pt2/2D-TiO2 

sample (Figure 5-2d), it is clearly seen that several Pt clusters with sizes larger than 

10 nm formed due to the aggregation. From these results, it is believed that the Pt 

loading amounts will have influence on the their distribution sizes and morphologies 

of the final catalysts. 

 

Figure 5-2 Morphologies of Pt/2D-TiO2 catalysts. TEM image and particle size distribution of (a) 

Pt0 25/2D-TiO2, (b) Pt0 5/2D-TiO2, (c) Pt1/2D-TiO2 and (d) Pt2/2D-TiO2 catalysts. 

 

To better characterize the Pt distribution on the 2D-TiO2 surfaces, High-angle annular 

dark field (HAADF) TEM was performed on Pt0.25/2D-TiO2 and Pt0.5/2D-TiO2 

samples. As can be seen in Figure 5-3, some small bright dots are uniformly 

distributed on the 2D-TiO2 substrates, which are referred to the Pt particles. Compared 

to the normal TEM characterizations, HAADF TEM technic has much higher 

resolutions, as a result, some Pt particles with sizes even smaller than 1 nm can be 

distinguished as indicated by the red marks in Figure 5-3a. With such small size 

distribution of Pt particles, the total active sites of the catalyst will increase a lot, thus 

leading to better catalytic performances. 
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Figure 5-3 High-angle annular dark field (HAADF) TEM images of Pt/2D-TiO2 catalysts. (a, b) 

HAADF images of Pt0 25/2D-TiO2, (c, d) HAADF images of Pt0 5/2D-TiO2. 

 

To comfirm the loading amount of Pt on the TiO2 substrates, we conducted 

conductively coupled plasma optical emission spectrometer (ICP-OES) test to check 

the metal content in the as-prepared Pt/2D-TiO2 and Pt/P25 catalysts. As shown in 

Table 5-1, the Ti weight content of all 8 samples are about 20%, which is matching 

with the natural content ration in TiO2. The Pt content in Pt/P25 samples are 0.25%, 

0.52%, 0.98%, and 1.96% for Pt0.25/P25, Pt0.5/P25, Pt1/P25 and Pt2/P25, respectively, 

which is perfectly matching with the designed Pt loading amount. The Pt content in 

Pt/2D-TiO2 samples are 0.33%, 0.74%, 1.37%, and 2.56% for Pt0.25/2D-TiO2, Pt0.5/2D-

TiO2, Pt1/2D-TiO2 and Pt2/2D-TiO2, respectively, which is a bit higher than the 

designed amount, this could be attributed to the residual water and organic content in 

the 2D-TiO2. The ICP-OES test evidently confirmed the Pt loading amount in the as-

prepared catalysts, and indicated that the Pt loading amount in the final product 

basically accord with the previously designed amount. 
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Table 5-1 Conductively coupled plasma optical emission spectrometer (ICP-OES) test on Pt/2D-TiO2 

and Pt/P25 catalysts 

 

 

UV-vis diffuse reflectance spectra (DRS) was studied to explore the optical properties 

of the Pt/2D-TiO2 and Pt/P25 samples (Figure 5-4). The DRS spectra of P25 

nanoparticles and 2D-TiO2 nanosheets were also recorded as a reference. As shown 

in Figure 5-4, it can be seen that, after loading Pt particles on TiO2, the light 

absorption of both Pt/2D-TiO2 and Pt/P25 enhanced very obviously, and both of them 

presented an increasing trend with higher Pt loading. To be noted, the light absorption 

of all Pt/2D-TiO2 catalysts are higher than that of Pt/P25 catalysts, especially in the 

region from 380 to 500 nm. The absorption onsets of Pt/2D-TiO2 are also lower than 

that of Pt/P25, indicating better light absorption in UV region. Such improvement 

could be caused by the better particle distribution and finer particle size of Pt/2D-TiO2. 

The insets show the optical colour of the as-prepared samples, it is clearly seen that 

the Pt/2D-TiO2 samples are more colourful than Pt/P25 samples, which means a better 

visible light absorption. 
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Figure 5-4 Optical properties of Pt/2D-TiO2 and Pt/P25 catalysts. (a) UV-vis diffuse reflectance spectra 

(DRS) of Pt/2D-TiO2, the inset shows the optical images of Pt0 25/2D-TiO2, Pt0 5/2D-TiO2, Pt1/2D-TiO2 

and Pt2/2D-TiO2, from left to right, repectively; (b) UV-vis diffuse reflectance spectra (DRS) of Pt/2D-

P25, the inset shows the optical images of Pt0 25/P25, Pt0 5/P25, Pt1/P25 and Pt2/P25, from left to right, 

repectively; 

 

The photocatalytic properties of Pt/2D-TiO2 and Pt/P25 were investigated by the light-

promoted organic reaction of oxidation of benzylalcohol. From Figure 5-5a, it is 

clearly seen that the Pt/2D-TiO2 catalyst exhibits higher reactive activity than Pt/P25 

do in converting benzylalcohol into corresponding aldehyde with high selectivity (> 

90%), however they both presented very low activity in the absence of visible light. 

However, in dark condition, the Pt/2D-TiO2 catalysts presented much higher activity 

than Pt/P25 catalysts. As shown in Figure 5-5b, all the Pt/2D-TiO2 catalysts exhibited 

much higher turnover number than Pt/P25 catalysts, and the Pt0.5/2D-TiO2 catalyst 

presented the highest activity, with a turnover number of 90, which is 8 folds higher 

than that of Pt0.5/P25. Such improvement in dark reactions indicates better thermal 

activity of Pt/2D-TiO2 catalysts.  



 

114  

 

Figure 5-5 Photocatalytic performances of Pt/2D-TiO2 and Pt/P25 catalysts. (a) Photocatalytic 

performances of Pt/2D-TiO2 and Pt/P25 catalysts over benzylalcohol oxidation reacitons; (b) Turnover 

number of Pt/2D-TiO2 and Pt/P25 catalysts over benzylalcohol oxidation reacitons. 

 

The photocatalytic performance of as-prepared Pt/2D-TiO2 and Pt/P25 were also tested 

over other series of organic transforming reactions including the aerobic oxidation of 

methoxybenzyl alcohol and nitrobenzyl alcohol. As shown in Figure 5-6, the 

photocatalytic activities of the catalysts exhibited a similar trend as that of benzyl 

alcohol oxidation reaction. All the Pt/2D-TiO2 catalysts presented higher activity in 

processing corresponding reactions. The higher photocatalytic activity of Pt/2D-TiO2 

should mainly be attributed to three reasons. Firstly, the large surface area associated 

with the ultrathin thickness of the 2D-TiO2 substrate is of beneficial for the obtaining 

sufficient active sites on the surfaces. Secondly, the ultrathin thickness of 2D-TiO2 

nanosheets could significantly improve the charge separation due to the reduced 

charge transfer distance from the centre of bulk to the surface. Thirdly, the better 

distribution and fine particle size of loaded Pt on 2D-TiO2 contribute to more active 

sites and higher visible light absorption. 
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Figure 5-6 Photocatalytic performances of Pt/2D-TiO2 and Pt/P25 catalysts over (a) methoxybenzyl 

alcohol and (b) nitrobenzyl alcohol. 

 

5.4 Conclusion 

In this work, we demonstrated novel 2D-TiO2 nanosheets as the substrate to load noble 

metal Pt particles, which showed superb photocatalytic performance in a series of 

organic transforming reactions. When used for aerobic oxidation under visible light, 

the Pt loading on 2D-TiO2 substrates (Pt/2D-TiO2) promote the reaction more 

efficiently than the Pt loading on commercial P25 (Pt/P25). Such improvement could 

be attributed to the abundant surface active sites of 2D-TiO2 aroused by its large 

surface area and the uniform distribution of noble metal particles on 2D surfaces. This 

research indicates the advantages of 2D nanomaterial as substrates in metal-loading 

catalysts, and could provide some beneficial reference for the field of visible-light 

driven photocatalyst. 
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Chapter 6. Conclusions and outlooks 

        To summarize, in this thesis, the design of 2D-TiO2 based nanomaterials for 

sustainable applications such as photocatalysis, electrocatalysis, rechargeable batteries 

and bio-inspired applications are discussed in detail. Three research works including 

“structure-induced charge unsaturation and wide-band light adsorption for enhanced 

photocatalytic performance”, “strongly interfacial-coupled 2D-2D TiO2/g-C3N4 

heterostructure for enhanced visible-light induced synthesis and conversion” and “2D-

TiO2 nanosheets as substrates for Pt photocatalyst” are presented respectively.   

        In Chapter 3, a new strategy to modify the chemical state and electronic structure 

of metal oxide semiconductor realized by manipulating the crystal structure of 

homogeneous 2D-TiO2 nanosheets is proposed, in which no foreign doping impurities 

nor inherent vacancy defects are included. The crystallized 2D-TiO2 nanosheets 

exhibited unconventional electronic states compared to its bulk counterparts, aroused 

by the 2D derived lattice distortion in the nanosheet structures. The structure-induced 

charge transfer from O atoms to Ti atoms resulted in reduced chemical states of the Ti 

metals in the 2D-TiO2 nanosheet structures, which presented extraordinary optical and 

catalytic properties compared to those with conventional bulk crystal structures. 

Moreover, this structure also maintained the salient surface physical and chemical 

properties of 2D materials, such as the enlarged surface area which is beneficial for 

creating abundant surface active sites, leading to a better catalytic performance in the 

photocatalytic oxidation reactions of benzyl alcohol and benzylamine. 

        In Chapter 4, 2D-2D TiO2 nanosheet/g-C3N4 heterostructure with strongly 

interfacial coupling was synthesized by direct growth of ultrathin 2D-TiO2 nanosheets 

on the 2D g-C3N4 templates. Different to the commonly used method for fabricating 
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weakly contact 2D-2D heterostructures through physically mixing two oppositely 

surface charged 2D nanosheets, this in-situ growth of 2D-TiO2 nanosheet on 2D g-

C3N4 allows the formation of strong chemical bonds between the nanosheets during 

the self-assembly. As a result we expected, much more significant charge transfer and 

stronger interfacial coupling occur of the in-situ grown, strongly bonded 2D-2D 

heterostructures than the corresponding physically mixed, weakly bonded 2D-2D 

heterostructures, and endorse the materials with much enhanced catalytic activities, 

particularly under visible light irradiations. We therefore proposed that the strongly 

coupled 2D-2D heterojunctions can further alter the interfacial electronic structure and 

much enhance visible light induced photosynthesis and photocatalysis activities, 

would provide us a new path for designing novel 2D based catalysts towards high-

performance photocatalysis or electrochemical catalysis. 

        In Chapter 5, we demonstrated novel 2D-TiO2 nanosheets as the substrate to load 

noble metal Pt particles, which showed superb photocatalytic performance in a series 

of organic transforming reactions. When used for aerobic oxidation under visible light, 

the Pt loading on 2D-TiO2 substrates (Pt/2D-TiO2) promote the reaction more 

efficiently than the Pt loading on commercial P25 (Pt/P25). Such improvement could 

be attributed to the abundant surface active sites of 2D-TiO2 aroused by its large 

surface area and the uniform distribution of noble metal particles on 2D surfaces. This 

research indicates the advantages of 2D nanomaterial as substrates in metal-loading 

catalysts, and could provide some beneficial reference for the field of visible-light 

driven photocatalyst. 

        Although some progress has been made in the field of 2D nanomaterials, the 

challenges and limitations still remain and yet to be overcame in this emerging 

research area. For example, the 2D-TiO2 nanosheet with charge-unsaturation exhibited 
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enhanced photocatalytic activity compared to commercial P25 TiO2 catalysts, however 

the catalytic performance is still far from practical requirement. Also, taking 

practicability into consideration, the productivity is another big challenge for the 

development of 2D nanomaterials. And the thermal stability of 2D-TiO2 is another 

problem that the 2D morphology cannot maintain during high-temperature calcination. 

Further research and investigations are still required to improve the quality, 

productivity and property of 2D nanomaterials. 

In the future work, more researches and investigations will be made in the field 

of 2D-TiO2 based sustainable applications. For example, the 2D-TiO2 derived 

Li2Ti5O12 nanomaterials showed superior battery capacity compared to the P25 derived 

counterparts in our early-stage investigation, the transition temperature point from 

TiO2 to Li2Ti5O12 has been determined by the calcination experiments under various 

heating rates and temperatures, however, we still need more detailed investigations 

and characterizations to figure out the structural feature and mechanism of 2D-TiO2 

derived Li2Ti5O12 nanomaterials in Li-ion rechargeable batteries. Meanwhile, study on 

other 2D nanomaterials such as 2D-Co3O4 and 2D-MnO2 will also be focused in our 

future research due to their promising potential in energy storage areas including 

electrocatalysis and rechargeable batteries. As investigated in Chapter 3, the 

crystallized 2D-TiO2 nanosheets exhibited unconventional electronic states compared 

to its bulk counterparts, aroused by the 2D derived lattice distortion in the nanosheet 

structures. The same features were also found in 2D-Co3O4 and 2D-MnO2 which were 

synthesized via similar wet-chemistry self-assembly method. The chemical binding 

energy shift was determined by XPS characterization in both 2D-Co3O4 and 2D-MnO2 

heat-treated under various temperature and they showed different electrochemical 

activities in the corresponding OER tests. In future work, more systematic researches 
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are expected to carry on the characterizations of 2D-Co3O4 and 2D-MnO2 as well as 

the related electrocatalytic tests. In addition, the exploration on other promising 2D 

nanomaterials such as graphene, g-C3N4, MXenes in sustainable applications 

including photocatalysis, electrocatalysis and rechargeable batteries will also be 

included in our future research plans. In a word, it is believed that the research and 

investigations on 2D nanomaterials based sustainable applications is of great 

significance for the further development of a green, sustainable and environmental 

society. 

 




