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Plan for what is difficult while it is easy. 

Work at what is great while it is small. 

The difficult undertakings in the world all start with what is easy. 

The great undertakings in the world all begin with what is small. 

“The Daodejing (Tao)” 

—— Laozi (literally “Old Master”), Philosopher 

600 BC ~ 470 BC, Zhou Dynasty, China 

 

图难于其易，为大于其细；天下难事，必作于易；天下大事，必作于细。 
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—— 老子，哲学家 
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Preface 

Six years ago, I was a master student majoring on materials science and walked into a TEM 

dark-room for the first time. At that time, I only had the impression that it was an expensive but 

interesting scientific instrument which could display beautiful images. Perhaps due to a boy’s 

favor of cars and machines, I realized that I preferred to stay in the electron microscope room 

rather than in a synthesis laboratory. My master-degree supervisor, Prof. Bao-Lian Su suggested 

me to focus on the characterization of nanomaterials by TEM. A short while later, I fortunately 

met Prof. Gustaaf Van Tendeloo. Hence I started my PhD in the EMAT group at the University 

of Antwerp as a collaborative research of electron microscopy on the atom-by-atom construction 

of hierarchically structured materials and 3D assembly of low dimensional nanostructures. The 

past four years on this thesis were like a box of chocolates—we never knew what would come 

next — surprises or frustration. This PhD work concentrates on the characterization of 

hierarchically structured nanomaterials by transmission electron microscopy, which further links 

structure to properties and synthesis.  

Hierarchies are present everywhere in our environment, from simple unicellular organisms to the 

more complex human body. Natural systems by their hierarchical organization not only are 

designed and optimized for durability, but also have the capability to adapt themselves to the 

external environment and to perform many multi-functions. Hierarchically structuring a 

nanomaterial over different length scales by mimicking natural systems can thus provide us with 

the opportunity to render the nanomaterials suitable for a variety of functions. For hierarchically 

structured nanomaterials, the structure is the source of superiority for properties and applications, 

and meanwhile holds the complexity and difficulty. Electron microscopy is one of the most 

powerful techniques to reveal the structure and composition from micrometer to atomic level. It 

therefore allows us to pry into the essentials of the hierarchically structured nanomaterials. 

In this thesis, the chapters are organized under the title of “electron microscopy characterization 

of hierarchically structured nanomaterials: linking structure to properties and synthesis”. Every 

studied material is different and demonstrates challenges on structural analysis in order to reveal 

properties and understand the synthesis mechanism. Therefore, the title of this PhD work can 



 

 

also be understood as “retrieving the precise morphological, structural and chemical information 

from different hierarchically structured nanomaterials by advanced electron microscopy, to 

discover their unique properties and to optimize the synthesis approaches”. 

The content of this thesis is divided into five chapters, organized as follows: 

Chapter 1 provides a general introduction to the nano-world and more specifically to the 

hierarchically structured nanomaterials from the aspects of structure, properties and synthesis. 

Simultaneously, TEM techniques used in this thesis are introduced and discussed. 

Chapter 2 deals with two kinds of silicon oxide based hierarchically structured nanomaterials: 

hierarchically suprastructural ZSM-5 nanomaterials and bimetallic nanoparticles within porous 

structured materials. By studying the hierarchical structure of as-described SiO2 porous materials, 

its influence on the outstanding catalytic properties and synthesis mechanisms is discussed.  

Chapter 3 covers all work carried out on titanium oxide based hierarchically structured 

nanomaterials, including BiVO4/3DOM TiO2 nanocomposites and rutile@anatase core-shell 

microspheres. Specific attention is paid to the morphology, internal structure, composition 

distribution and interface of heterojuction for photocatalysis. 

Chapter 4 describes and discusses all results of TEM investigation combined with catalytic 

properties on zinc oxide based hierarchically structured nanomaterials: firstly, a comprehensive 

study of the structure and unique photocatalytic properties of 2D ZnO mesoporous single-crystal 

nanosheet materials; secondly, the example of CdS@ZnO inverse opal nanocomposites. 

Chapter 5 presents the general conclusions and suggestions for future works 

.  



 

 

Voorbeschouwing 

Zes jaar geleden wandelde ik als masterstudent met als specialisatie materiaalkunde voor het 

eerst in de donkere kamer van een TEM. Op dat moment had ik enkel de indruk dat het een duur 

maar interessant wetenschappelijk instrument was, dat prachtige beelden kon tonen. Misschien 

was het door de voorliefde die een jongen voelt voor wagens en machines, dat ik besefte dat ik 

verkoos om te werken met de elektronenmicroscoop in plaats van in het synthese laboratorium. 

De promotor van mijn masterthesis, Prof. Bao-Lian Su, stelde voor dat ik me toelegde op de 

TEM-karakterisatie van nanomaterialen. Een korte tijd daarna had ik het geluk en genoegen Prof. 

Gustaaf Van Tendeloo te ontmoeten. Onder zijn begeleiding startte ik mijn doctoraat in de 

EMAT onderzoeksgroep aan de Universiteit Antwerpen als een collaboratief onderzoek, met als 

onderwerp elektronenmicroscopie op de atoom-per-atoom constructie van hiërarchisch 

gestructureerde materialen en 3D assemblage van lage-dimensie nanostructuren. De volgende 

vier jaar werken aan deze thesis was als een doosje pralines – we wisten nooit wat te verwachten 

– verrassingen of frustratie. Dit doctoraatswerk gaat voornamelijk over de karakterisatie van 

hiërarchisch gestructureerde nanomaterialen door transmissie elektronenmicroscopie, en het 

verband tussen de structuur, eigenschappen en synthese.  

Hiërarchieën zijn overal aanwezig in onze omgeving, van simpele eencellige organismen tot het 

meer complexe menselijk lichaam. Natuurlijke systemen zijn door hun hiërarchische organisatie 

niet enkel geoptimaliseerd voor duurzaamheid, maar hebben ook de capaciteit om zich aan te 

passen aan de externe omgeving en vele multifuncties uit te voeren. Een nanomateriaal 

hiërarchisch structureren over verschillende lengteschalen, door het nabootsen van natuurlijke 

systemen, geeft ons de mogelijkheid om de nanomaterialen geschikt te maken voor verscheidene 

functies. Voor hiërarchisch gestructureerde nanomaterialen is de structuur de voornaamste bron 

van eigenschappen en toepassingen, maar deze bepalen is vaak complex en uitdagend. 

Elektronenmicroscopie is een van de meest krachtige technieken om de structuur en 

samenstelling te bepalen van micrometerschaal tot op atoomniveau. Het laat ons toe om tot de 

essentie van hiërarchisch gestructureerde nanomaterialen door te dringen. 



 

 

In deze thesis zijn de hoofdstukken georganiseerd onder de titel “elekronenmicroscopie 

karakterisatie van hiërarchisch gestructureerde nanomaterialen: het verband tussen 

eigenschappen en synthese”. Elk bestudeerd materiaal is verschillend en het was steeds een 

nieuwe uitdaging om aan de hand van structurele analyse de eigenschappen en het mechanisme 

van de synthese te doorgronden. Daarom kan de titel van dit doctoraatswerk ook begrepen 

worden als “het onthullen van van de precieze morfologische, structurele en chemische 

informatie van verscheidene hiërarchisch gestructureerde nanomaterialen met behulp van 

geavanceerde elektronenmicroscopie, met als doel hun unieke eigenschappen te ontdekken en de 

aanpak van de synthese te optimaliseren”. 

De inhoud van deze thesis is onderverdeeld in vijf hoofdstukken, als volgt georganiseerd: 

Hoofdstuk 1 bevat een algemene inleiding tot de nanowereld, meer specifiek tot de hiërarchisch 

gestructureerde nanomaterialen, vanuit aspecten zoals structuur, eigenschappen en synthese. 

Daarnaast worden de gebruikte TEM technieken geïntroduceerd en besproken. 

Hoofstuk 2 gaat over twee soorten hiërarchisch gestructureerde nanomaterialen op basis van 

siliciumoxide: hiërarchisch suprastructureel ZSM-5 nanomaterialen en bimetallische 

nanodeeltjes binnen poreuze gestructureerde materialen. Door de hiërarchische structuur van 

deze SiO2 poreuze materialen te bestuderen, wordt hun invloed op de uitstekende katalytische 

eigenschappen en de synthesemechanismen besproken. 

Hoofdstuk 3 omvat al het geleverde werk over hiërarchisch gestructureerde nanomaterialen 

gebaseerde op titaniumoxide, inclusief  BiVO4/3DOM TiO2 nanocomposieten en rutiel@anatase 

kern-schil microbolletjes. Er wordt specifieke aandacht gegeven aan de morfologie, interne 

structuur, de compositieverdeling en het raakvlak van de heterojunctie voor fotokatalyse. 

Hoofdstuk 4 beschrijft en bespreekt alle resultaten van het TEM onderzoek gecombineerd met 

de katalytische eigenschappen van hiërarchisch gestructureerde nanomaterialen gebaseerd op 

zinkoxide: ten eerste, een uitgebreide studie van de structuur en unieke fotokatalytische 

eigenschappen van 2D ZnO mesoporeuze monokristallijne nanoblad materialen; ten tweede, het 

voorbeeld van CdS@ZnO inverse opaal-nanocomposieten.  

Hoofdstuk 5 presenteert de algemene conclusies en suggesties voor toekomstig werk. 
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If I have written in a code, with 5 times 5 times 5 atoms to a bit, the question is: how could 

I read it today? The electron microscope is not quite good enough, with the greatest care 

and effort, it can only resolve about 10 angstroms. I would like to try and impress upon you 

while I am talking about all of these things on a small scale, the importance of improving 

the electron microscope by hundred times. It is not impossible; it is not against the laws of 

diffraction of electrons. The wave length of the electron in such a microscope is only 1/20 of 

an angstrom. So it should be possible to see the individual atoms. What good would it be 

to see individual atoms distinctly? ... … I put this out as a challenge: Is there no way to make 

the electron microscope more powerful? 

Plenty of Room at the Bottom 

—— Richard P. Feynman, on 29th Dec. 1959, in Pasadena, U.S.A. 
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1. Nanotechnology 

But I am not afraid to consider the final question as to whether, ultimately, —in the great 

future — we can arrange the atoms the way we want, the very atoms, all the way down! 

What would happen if we could arrange the atoms one by one the way we want them. 

Plenty of Room at the Bottom 

—— Richard P. Feynman, on 29th Dec. 1959, in Pasadena, U.S.A.  

Nearly half a century ago, Richard P. Feynman made a famous speech in which he pictured a 

(near) future where people could arrange atoms. Nowadays the future in Feynman’s speech is 

becoming true. We can manage at a smaller scale even down to the size of the atoms, in a more 

precise and more controllable manner. Although manipulating atoms is not always applicable for 

all elements, some successful examples
[1-2]

 have shown us the way to the “nano-world”. Herein 

the word “nano”, meaning the scale of “10
-9

”, was named by the International System of Units 

(SI) prefix and originated from the ancient Greek word νάνος or dwarf. 

In the past decades, “nanoscience” and “nanotechnology” have emerged as an important 

category in a number of fields, including the fundamentals of physics, chemistry and biology, 

and further extensions into computing, catalysis, energy storage, optics, coating and etc. Among 

them, research in nanomaterials, nanoelectronics, molecular nanotechnology, and measurement 

at nanoscale is found to be most active and thriving. This thesis is focused on the nano-

characterization of advanced hierarchical materials at a nanoscale, since the work is exclusively 

carried out at the EMAT (Electron Microscopy for Materials Science) laboratory who excels in 

the characterization of various materials using advanced electron microscopy. In this work, the 

microstructure and nanostructure of hierarchically structured nanomaterials are investigated 

using transmission electron microscope (TEM) with full capability, in order to resolve the 

variation of properties related to synthesis approaches, and therefore to reveal the relationship 

between synthesis, structure, property and performance. 
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1.1 Brief history of nanotechnology 

After the famous speech “Plenty of Room at the Bottom” of Richard P. Feynman in 1959, the 

Japanese scientist Norio Taniguchi of the Tokyo University of Science first used the term “nano-

technology” at a conference in 1974.
[3]

 However, the term was not used until 1981 when Eric 

Drexler, who developed the concept of nanotechnology and founded the field of molecular 

nanotechnology, published his first paper on nanotechnology.
[4]

 Meanwhile, nanotechnology got 

the first boost in the early 1980s with the invention of scanning tunneling microscopy (STM) and 

improvement of TEM, which led to the discovery of fullerenes in 1985
[5]

 and the structural 

refinement of carbon nanotubes a few years later.
[6]

 STM as an instrument for imaging surface at 

the atomic level was developed in 1981 by Gerd Binning and Heinrich Rohrer at IBM Zurich 

Research Laboratory. They shared the Nobel Prize in Physics in 1986 together with Ernst Ruska, 

who designed the first TEM in 1931. Therefore, 1980s is widely considered as the era of 

nanotechnology. An illustration of nanotechnology development history is shown in Figure 1.1.1. 

 

Figure 1.1.1 Development of nanotechnology 
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1.2 Nanomaterials 

Structure  

In principle, nanomaterials can be described as a material of which a single unit is sized in the 1 

~ 1000 nm range (but usually below 100 nm) at least in one dimension. A general classification 

of nanomaterials is categorized according to structural dimensions shown as below: 

(1) Zero-dimensional (0-D) nanomaterials include nanocluster materials and nanodispersions, i. 

e. small clusters or voidites isolated from each other.  

(2) One-dimensional (1-D) nanomaterials are nanofibers, nanorods and nanotubular materials 

with a length from 100 nm to tens of microns and a diameter in the scale of 1 ~ 100nm. 

(3) Two-dimensional (2-D) nanomaterials are thin films (coatings) or nanosheets with 

nanometer thickness as the only dimension below 100nm. 

(4) Three-dimensional (3-D) nanomaterials include powdered, fibrous, porous, multilayered, 

and polycrystalline materials in which the 0-D, 1-D and 2-D structural elements are in close 

contact with each other and form a network. 

Properties  

Compared to conventional bulk materials, materials with nanoscale structures often have unique 

optical, electronic, or mechanical properties, due to the surface effect, quantum size effect, 

quantum tunneling effect, dielectric confinement effect etc.  

The single most applicable and industrially relevant property of nanomaterials is the surface 

effect, which means a high surface to volume ratio. A typical example is a porous material. If we 

have a 1 m
3
 cubic bulk, the surface area is 6 m

2
 (Figure 1.1.2). When a straight tunnel with 1 m 

diameter is built to go through the cubic bulk, the total surface area will change to 4+3.14 m
2
 

approximately. However, if the diameter of straight pores reduces to 1nm, the surface area could 

increase to a surprising 4+3.14×10
9
 m

2
 (Figure 1.1.2). This is the reason why porous 

nanomaterials are the main catalyst support in (petro) chemical industry.  

An equally important issue is the quantum size effect. Many physical properties like electrical 

conductivity, electrical resistance, optical response and luminescence are different from bulk 
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when the studied units become smaller, referred to as “size evolution”. In some cases, the size 

evolution is related to an increased surface to volume ratio and the resulting changes in surface 

chemistry (surface effect). Moreover, when the particle size is below a certain threshold, the 

quantum size effect begins to play an important role in the property changes. Due to this 

electron-trapping, the energy-level diagram changes from a continuous band structure for bulk 

materials to a discrete energy level structure for small nanoparticles. A typical example is the 

nano-sized semiconductor. When semiconductor nanoparticles like ZnO, TiO2 and CdSe reduce 

their particle size, it leads to a larger space between discrete energy levels in the particle, which 

is equal to a widening of the band gap with decreasing particle size. This results in a shift in the 

optical absorption of these materials to high energy, meaning a lower wavelength, the so called 

“blue shift”. In addition, the widening of the band gap can improve the ability of 

oxidation/reduction of the semiconductor in photocatalysis. 

 

Figure 1.1.2 The increase of surface area on porous materials 

Synthesis  

A large amount of methods have been developed to synthesize nanomaterials. These strategies 

can be classified into two general approaches: top-down approach and bottom-up approach.  

Top-down approaches start from larger (macroscopic) initial structures, to be processed down to 

the nanoscale. Typical examples include mask-assisted etching and ball milling, generally 

regarded as physical methods. Nowadays, the most used top-down approach is photolithography. 
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It has been widely used to manufacture computer chips and to produce structures smaller than 

100nm. 

Bottom-up approaches start with atoms or molecules to be built up into nanostructures. Generally 

speaking, the strategy utilizes the miniaturization of materials components (up to atomic level) 

followed by self-assembly process and then the formation of nanostructures. During self-

assembly the physical forces operated at nanoscale are used to combine basic units into larger 

stable structures. Typical examples include the formation of quantum dots during epitaxial 

growth and the formation of nanoparticles from colloidal dispersions, generally regarded as 

chemical methods. Another important bottom-up approach is called liquid phase synthesis, 

including colloidal methods, sol-gel processing, water-oil microemulsion method, hydrothermal 

synthesis and polyol method etc. 

It is important to note that in this thesis, all the nanomaterials are synthesized by bottom-up 

approaches. 

 

2. Hierarchically structured nanomaterials 

2.1 Hierarchical structure 

Hierarchy is a concept of items arrangement via introduction of supplementary items into a 

single system to fabricate “above” or “below” in one aspect at least. A hierarchical structure 

means multiplication of structures in one dimension or more, including sizes, components, 

morphologies, etc. Hierarchical structures are present everywhere in our environment such as in 

biological systems, from simple unicellular organisms to the more complex human body.
[7]

 

Natural hierarchical structures are self-organizations of molecular units or their aggregations 

assembled with other phases, resulting in multiplication and size increase. Natural materials 

regarded as perfect hierarchically structured materials have been found to grow using only weak 

interactions at ambient conditions, which have significantly inspired the rapidly growing 

community of materials scientists.
[8]
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“Learning from nature” has therefore been an important guiding principle in creating new 

generations of synthetic hierarchical nanomaterials. The hints from nature on architecture, 

assembly, and composite parts can be applied to the design of synthetic hierarchical 

nanomaterials. However, this is a great challenge that can only be met through an understanding 

of the relationship between the architecture of natural materials and their specific functionalities. 

It needs to span not only their microstructure but also the influence of structural parameters 

acting over multiple length scales, from the atomic to the macro level, and their interactions. The 

imperative to develop new approaches in the fabrication of bi-, or tri-modal structures of 

different materials has pushed this research field to the forefront. 

2.2 Hierarchically porous structure
[9]

 

A major branch of synthetic hierarchical materials are the hierarchically porous structured 

materials. According to the definition of IUPAC (International Union of Pure and Applied 

Chemistry), three pore size regimes have been classified: micropores (smaller than 2nm), 

mesopores (between 2nm and 50nm), and macropores (larger than 50nm). Normally, the micro- 

and mesopores can provide the size and shape selectivity for guest molecules, enhancing the 

host-guest interactions, whereas the presence of macropores can favor the diffusion of guest 

molecules and the accessibility to the active sites. This is particularly important for the diffusion 

of large molecules or for viscous systems. These motivations trigger the research enthusiasm for 

hierarchically structured porous materials. A series of natural hierarchically structured porous 

materials such as diatoms, butterflies, wood, leaves, macaw feathers, grass stems, kelp, coral, 

cotton, human bone, cuttlefish bone, and sponge (Figure 1.2.1), have been noticed and studied, 

which are further utilized as biotemplates in the design of new morph-genetic functional 

materials. Over the last decades, large effort has been devoted to the synthesis and applications 

of hierarchically structured porous materials.  
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Figure 1.2.1 Overview of hierarchical structured porous natural materials, placed alongside the 

length scale according to their critical dimensions. The images of original biological 

hierarchically porous structures are shown from bottom to up: diatom, butterfly, wood, leaf, 

macaw feather, grass stem, kelp, coral, cotton, human bone, cuttlefish bone, and sponge
[9]

 

Properties and applications 

Tuning both the porosity and the architecture of the hierarchically structured materials over 

different length scales has provided the opportunity to render the materials suitable for a variety 

of functions and hence applications, such as catalysis, separation, optics, energy, and life science. 

In this thesis, we focus on the hierarchical structures for catalytic properties, including 

petrochemical catalysis, photocatalytic water-splitting and degradation. 



10 

 

The catalytic process usually requires a sequence of different reaction steps, for instance, 

pretreatment, chemical conversion into valuable products, and purification of resulting product 

mixtures. Therefore, the desired product is normally obtained only after several different stages, 

where the production of intermediates requires a specific catalyst with a certain porosity and 

functionality. With increasing demands to reduce the environmental impact, an ideal solution for 

industry would be an all-in-one single reactor without any intermediary separation processes so 

as to reduce unwanted intermediate products. The integration of multimodal porosities that could 

be individually functionalized within one single system has therefore emerged as a potential 

candidate, with which successive reactions from starting reagents to final desired products can be 

achieved. Separation and purification processes would inherently take place owing to the sieving 

capacity of the multipore system, such that the product of one reaction can become the reagent 

for the next reaction.
[10-12]

 

Synthesis strategies 

By learning from nature, a significant amount of strategies have been successfully established. 

Using a colloidal crystal as a template offers an efficient way to construct an ordered and 

interconnected meso-macroporous structure.
[13-14]

 An emulsion-templating strategy, with 

uniformly dispersed oil droplets and surfactants, has been used to synthesize hierarchically 

porous transition metal oxide materials.
[15-16]

 Other templates include salts,
[17]

 ice crystals ,
[18]

 gas 

bubbles,
[19-20]

 supramolecular aggregates,
[21-22]

 and biomaterials
[23-24]

 etc. Alterations to the 

parameters of a method, for example, the control of procedural (synthesis and aging) 

conditions,
[25-26]

 phase separation,
[27-28]

 templating replication
[29-30]

 and post-treatment
[31-32]

 have 

also been successfully employed.  

All methods can be classified into two main approaches: (i) The introduction of macrotemplates 

into the reaction media, together with traditional small-scale templates; or (ii) The modification 

of the chemical and physical parameters of a method. Subsequently, an innovative self-formation 

procedure is used to synthesize hierarchically porous materials.
[33-34]

 These structures usually are 

made of parallel macropores with micro/mesoporous structured walls. A summary of the 

preparation strategies with the corresponding porous structures and material compositions is 

given in Table 1.2.1  



11 

 

Table 1.2.1 Synthesis strategies of hierarchical porous materials and corresponding 

morphologies, pores and compositions. 
[9]

 

Methods Morphologies Pores Compositions 

Surfactant 

templating 
Powders; Spheres

 a 
Micro-meso; 

Dully meso; 
Oxides 

Nanocasting Powders; Films; Monoliths 
Dully meso; 

Meso-macro; 

Dully meso-macro 
Oxides; Carbon 

Colloidal crystal 

templating 
Powders; Films; Monoliths 

Micro-macro; 

Meso-macro; 

Dully meso-macro; 

Dully macro 

Oxides; Polymers; Carbon; Metals; 

Composites
 b 

Macroporous 

polymer 

templating 

Powders; Spheres; Fibers;  

Tubes; Films; Membranes; 

Foams; Monoliths 

Micro-macro; 

Meso-macro 
Oxides; Carbon; Metals; Composites 

Bioinspiring 

process 

Powders; Fibers;  Tubes; 

Films; Membranes; 

Monoliths 

Micro-macro; 

Meso-macro 
Oxides; Carbon; Composites 

Supercritical 

fluids 
Powders; Spheres; Fibers;  

Films; Monoliths 
Meso-macro; 

Multiple macro 
Oxides; Polymers; Metals; 

Composites 
Emulsion 

templating 
Powders; Spheres; Films; 

Foams; Monoliths 
Meso-macro; 

Multiple macro 
Oxides; Polymers; Carbon; Metals; 

Composites 

Freeze-drying 
Powders; Films; Foams; 

Monoliths 
Meso-macro;  

Multiple macro 
Oxides; Polymers; Carbon; 

Composites 

Breath figures Powders; Films; 
Meso-macro;  

Dually/Multiple macro 
Oxides; Polymers; Metals; 

Composites 

Selective leaching Powders; Monoliths 
Meso-macro;  

Multiple macro 
Oxides; Composites 

Phase separation Powders; Films; Monoliths Meso-macro; Oxides; Carbon; Composites 

Zeolitization 

process 
Powders; Spheres; Fibers;  

Films; Foams; Monoliths 

Micro-macro;  

Micro-meso;  

Micro-meso-macro 

Oxides (usually Aluminosilicates and 

Titanosilicates); 

Replication 
Powders; Spheres; Fibers;  

Tubes; Films; Membranes; 

Foams; Monoliths 

Micro-macro;  

Micro-meso;  

Micro-meso-macro 
Oxides; Carbon; Metals; Composites 

Sol-gel controlling 
Powders; Spheres; Fibers;  

Films; Membranes; Foams; 

Monoliths 

Micro-macro;  

Micro-meso;  

Micro-meso-macro;  

Dully meso;  

Meso-macro 

Oxides; Polymers; Carbon; Metals; 

Composites 

Post-treatment 
Powders; Spheres; Fibers;  

Tubes; Films; Membranes; 

Foams; Monoliths 

Micro-macro;  

Micro-meso;  

Micro-meso-macro;  

Dully meso;  

Meso-macro 

Oxides; Polymers; Carbon; Metals; 

Composites 

Self-formation 
Powders; Spheres; 

Monoliths 
Meso-macro;  

Micro-meso-macro 
Oxides; Composites 
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2.3 Core@shell structure 

A core@shell structure can be regarded as a special hierarchical structured nanomaterial due to 

the combination of a core material and a shell material in one system. In the late 1980s, 

researchers found that heterogeneous composite or sandwich colloidal semiconductor particles 

have a better catalytic efficiency than their corresponding single particles. In some cases even 

new properties are reported.
[35-36]

 During the early 1990s, researchers synthesized concentric 

multilayer semiconductors in view of improving the photocatalytic and photoluminescence 

properties, which subsequently led to the terminology of “core@shell”.
[37-38]

  

Core@shell structured materials are usually composed of two or more materials. A wide range of 

combinations in close interaction is possible, including inorganic@inorganic, inorganic@organic, 

organic@inorganic, and organic@oragnic materials. The selection of shell and core materials 

strongly depends on the end application and use. With respect to the structure, the core@shell 

structure can be roughly classified into four types (Figure 1.2.2). The concentric core@shell 

structure is the most common structure where a simple core particle of any shape is completely 

coated by a shell of a different material (Figure 1.2.2a). A multi-core@shell structure is formed 

when a single shell material is coated onto a cluster of small core particles as shown in Figure 

1.2.2b. Core@multi-shells structures exhibit two or more layers over a core particle, such as 

A/B/A type, or A/B/C type (Figure 1.2.2c). Yolk-core@shell structures or the so-called “nano-

rattles” represent a distinctive core@void@shell configuration (Figure 1.2.2d). Remarkably, the 

yolk-core@shell structured materials have attracted more attentions recently because of their 

high catalytic activity in several important catalytic reactions.
[39-40]

 It is believed that the movable 

core catalysts, the hollow space between the core and shell, and the protective shells, co-provide 

a homogenous environment for a heterogeneous catalysis.
[41-42]
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Figure 1.2.2 Different core@shell structures: (a) Concentric core@shell structure; (b) Multi-

cores@shell structure; (c) Core@multi-shells structure; (d) Yolk-core@shell structure 

Properties and applications 

Core@shell structures have attracted increasing attention as an emerging new-star at the frontier 

of materials chemistry and many other fields, such as electronics, biomedical, pharmaceutical, 

optics, and catalysis. Core@shell structured materials are considered as functional materials with 

tunable properties where properties attributed to core or shell materials can be quite different. 

Therefore the properties can be modified by changing either the constituting materials or the core 

to shell ratio.
[43]

 The coating on the core particle can be multi-purpose, such as surface 

modification, stability, dispersibility, controllable release of the core, reduction in consumption 

of precious materials, etc. Currently various core@shell structured materials are widely used for 

biomedical and pharmaceutical applications,
[44-46]

 catalysis,
[47-48]

 electronics,
[37, 49]

 

photoluminescence applications,
[50-51]

 creating photonic crystals,
[52]

 etc. 

In addition to the improved material properties, core@shell structured materials are also 

important from an economic point of view. A precious material can be coated over an 

inexpensive material to reduce the consumption of the precious material compared with making 
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the same sized pure material. Core@shell structured materials are also used as templates for the 

preparation of hollow particles after removing the core by dissolution or calcination.  

Synthesis strategies 

The synthesis strategies can be classified into four main approaches: 

(1) Layer by layer via electrostatic interaction 

A large percentage of core@shell silica particles for chromatography are now prepared by a 

layer-by-layer approach, particularly for the core@shell particles available on the market.
[53]

 This 

approach utilizes the electrostatic interaction, such as hydrogen bonding, covalent bonding, van 

de Waals interactions, between the positively charged (cationic) and negatively charged (anionic) 

species for multiple layers to be assembled together. This technique has been widely used to 

prepare composites and microcapsules for biomedical applications.
[54]

  

(2) Shells synthesized on pre-formed cores 

A shell can be formed on a pre-formed core particle by different methods. Silica, polymer, metal 

and other particles have been used as the cores to prepare a wide range of core@shell structured 

materials. For instance, silica-core@polymer-shell particles by silica-supported 

polymerization,
[55]

 core@shell hybrid particles and hollow structures by precipitation 

polymerization,
[56]

 silica-metal-organic frameworks (MOFs) core@shell structures,
[57-58]

 shaped 

nanoparticle core@shell nanospheres,
[59]

 a SiO2-coated magnetite core and a layered double 

hydroxide shell via in situ growth method.
[60]

 

(3) One-pot synthesis  

The one-pot synthesis normally utilizes the self-assembly of template molecules and the 

hydrolysis of the precursors simultaneously to form the core@shell structure. The one-pot 

synthesis of core@shell structured materials has the advantage of shorter reaction time, easier 

quality control, lower materials cost, and process simplicity for facile scale-up. For example, 

one-pot synthesis of uniform core@shell nanospheres with an Ag nanoparticle core and a thick 

mesoporous silica shell could be produced by the sequential addition of AgNO3 and tetraethyl 

orthosilicate (TEOS) with NaOH as a basic catalyst.
[61]
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(4) Droplet-based microfluidic approach 

Conventional emulsification methods (e.g. stirring, homogenization, and sonication) produce 

polydisperse emulsion droplets that can be transformed into spherical particles through 

consolidation. The monodisperse emulsions produced by microfluidics can be used to yield 

uniform spheres. Functionalized spheres with complex morphologies including core@shell 

structures have been obtained through shaping, compartmentalizing, and structuring.
[62]

 

Pickering emulsions (the droplets are stabilized by small particles) are widely used to produce 

core@shell particles or capsules.
[63]

 A double emulsion approach is more used in producing 

core@shell particles via microfluidic approach.
[64]

 Another simple T-junction microfluidic 

device can be used to produce hierarchical raspberry-like silica particles.
[65]

 

 

3. Electron microscopy [66-67] 

We should not, therefore, blame those scientists today who did not believe in electron 

microscopy at its beginning. It is a miracle that by now the difficulties have been solved to 

an extent that so many scientific disciplines today can reap its benefits. 

The development of the electron microscope and of electron microscopy 

——Ernst Ruska, on 8th Dec. 1986, Berlin, German 

After Ernst Ruska invented the first electron microscope in the 1930s (Figure 1.3.1), almost 9 

decades have passed. Now we can answer the question proposed by Richard P. Feynman in the 

beginning of this chapter: “Is there no way to make the electron microscope more powerful?” 

Yes, there is. Much effort has been made to push the limits of electron microscopy to achieve 

one ultimate goal: to see beyond. In the past, electron microscopy has contributed significantly to 

the understanding of materials. In the future, it will keep benefitting the science community in 

unfolding the world before us.  
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Figure 1.3.1 (a) the first electron microscopy was built by Ernst Ruska (in the lab coat) and Max 

Knoll, (b) sketch by Ernst Ruska (1929).
[68]

  

3.1 Development of electron microscopy 

Conventional TEM uses the same principles as light (optical) microscopy which uses light 

photons focused or diverged by glass lenses to form a magnified image of the sample. Instead, 

the conventional TEM uses electrons and electromagnetic lenses to image the sample. The TEM 

was developed to overcome the limited resolution in light microscopes, which is imposed by the 

wavelength of visible light. TEM uses highly accelerated electrons up to several hundred KV to 

produce an electron beam with a wavelength far shorter than visible light, resulting in a much 

higher resolving power. The manufacturing of TEMs was started by Siemens in Germany in 

1939, and followed by other companies, such as Philips (FEI), JEOL, Hitachi, etc. after World 

War II. 

Although electron microscopy has a higher resolution compared to optical microscopy, the 

resolving power is still much lower than ideal. It is known that the resolution limit of a TEM is 

not only determined by the electron wavelength but also by lens aberrations, such as spherical 

and chromatic aberration, caused by the electromagnetic lenses in the electron microscope. For 

instance, the Philips CM30 at the EMAT laboratory (from 1994 to 2014) could provide a point 

resolution of approximately 0.1nm (100pm) at optimal defocus, but still far from the theoretical 
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resolution of a few picometer imposed by the wavelength (approximately 2 pm for a 300kV 

acceleration voltage). In late 20
th

 century, the spherical aberration corrector was developed for 

TEM, bringing in a revolution in the field of TEM.
[69]

 The spherical aberration can be corrected 

using a hexapole or octapole aberration corrector which creates a negative spherical aberration to 

offset the original positive spherical aberration. The first commercial TEM with a spherical 

aberration corrector was presented by FEI Company, named as Titan. Figure 1.3.2 shows a 

schematic diagram of a TEM instrument with aberration-correctors, which is much more 

complicated than Ruska’s original one. In 2010 and 2014, EMAT installed two “cube” Titan 

microscopes successively, which not only correct spherical aberration using aberration correctors 

but also suppress chromatic aberration by using a monochromator. Both microscopes are able to 

reach an image resolution of 0.05nm (50 pm) in TEM mode, as well as a similar resolution (80 

pm) in scanning transmission electron microscopy (STEM) mode. Meanwhile, cryo-TEM and in-

situ TEM also have made significant developments to allow the observation of biological 

samples (such as cells, protein, and organism) and chemical/physical reaction at nanoscale or 

even atomic level.
[70]
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Figure 1.3.2 Structural schematic diagram of a TEM instrument with aberration-correctors 
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3.2 Imaging techniques 

3.2.1 TEM mode 

Electron Diffraction (ED) 

When a near-parallel electron beam generated by probe forming (condenser) lenses goes through 

the sample, the electrons are diffracted by the crystal lattice of the specimen. Based on Bragg’s 

law of diffraction, only certain scattering is allowed to contribute to the diffraction pattern at the 

back-focal plane (at position of the objective aperture). The inter-planner distance of the crystal 

determines the positions of the bright spots in a given diffraction pattern. Therefore, every given 

diffraction pattern corresponds to a certain orientation of a specific crystal, which means that the 

crystal structure and lattice parameters can be determined by recording several diffraction 

patterns in a tilting series. Meanwhile, identifying the presence or absence of reflections can help 

to interpret the symmetry of the crystal.
[71-74]

 

Compared to X-ray diffraction (XRD), selected area electron diffraction (SAED) has two major 

features: firstly, electron scattering is dynamical, whereas X-ray scattering is kinematical; 

secondly, SAED can investigate any wanted small region (down to about 100 nm) on a specific 

nanoparticle, while XRD only can reveal the average information of the entire sample, especially 

for polycrystalline nanoparticles samples. When a large size SAED aperture is used, the presence 

of randomly orientated crystals leads to concentric rings in the ED pattern, where a specific 

radius corresponds to the inter-planar spacing of a structure. However, when a small size SAED 

aperture is used to select one or several nanoparticles, the individual crystal orientation of the 

nanoparticles can be determined in diffraction mode. 

Compared to diffraction which is obtained in reciprocal space, imaging is obtained in real space, 

as the back-focal plane of the objective lens can be regarded as the Fourier transform of the real-

space. Hence, the operator can switch between diffraction mode (Fourier space) and imaging 

mode (real space) with a simple click, which actually changes the current of the intermediate 

lenses to project either a magnified image or a diffraction pattern of the specimen on the viewing 

screen (Figure 1.3.3 left). 
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Figure 1.3.3 Ray diagrams for two basic modes in TEM: diffraction mode (left) and TEM 

imaging mode (right) 
[66]

  

Bright-field imaging 

Bright field (BF) TEM is one of the most common modes, allowing acquisition of a real-space 

image of the sample. In general, the sample is illuminated by a (nearly) parallel electron beam 
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(Figure 1.3.3 right). The formed BFTEM image has a bright/dark contrast, that is contributed by 

mass-thickness contrast and diffraction contrast. Mass-thickness contrast can be interpreted as 

proportional to the thickness and mass of the illuminated sample, which dominates most BFTEM 

images, including both crystalline and non-crystalline materials such as polymers and biological 

samples. However, crystalline materials have an additional influence through diffraction contrast, 

which is related to the occurrence of Bragg reflection. When the orientation of the sample 

satisfies Bragg’s law, electron beams are partially diffracted away from the transmitted beam, 

leading to a shadowing contrast in addition to the mass-thickness contrast. The diffraction 

contrast is therefore orientation-sensitive for crystalline samples.  

Optionally, an objective aperture is placed at the back-focal plane of the objective lens to include 

the transmitted beam (central spot of the diffraction pattern) only. By shielding diffracted 

electrons and inelastically-scattered electrons, BFTEM images of enhanced contrast can be 

acquired for both crystalline and non-crystalline samples. 

High resolution TEM (HRTEM) 

In high resolution TEM, a large objective aperture (even no aperture) is inserted, so to allow 

diffracted beams and the transmitted beam to interfere with each other and form an interference 

pattern. The contrast in such an image is dependent on the phase of the exit electron beams, and 

therefore HRTEM is named as phase-contrast imaging.  

If we consider the electron microscope as an information transfer processor, the information of 

electrons projected onto a CCD or other recording medium (imaging plane) is a function of the 

exit-wave and contains all structural information of the sample. This transfer process is 

performed by all imaging forming lenses below the specimen. Ideally all frequencies of the exit-

wave should be transferred equally. However, the imperfections of the electromagnetic lenses 

(especially the objective lens) modify the transfer function of the electron microscope, where 

parameters including defocus, astigmatism, spherical aberration, chromatic aberration, coma, etc 

determine the final image. Due to the non-ideal transfer function, some simulations (e.g. 

multislice algorithm
[75]

) are needed to reveal the real positions of atomic columns. In the case of 

a TEM instrument fitted with an aberration corrector for the imaging forming lens, the spherical 

aberrations (Cs) are giving rise to a significant improvement on the point resolution.
[76]
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3.2.2 STEM mode 

In recent years, scanning transmission electron microscopy (STEM) is becoming a microscopy 

technique frequently used in materials research. 

In STEM mode the condenser lenses are used to focus the incident electron beam into a probe 

(spot) before scanning on the specimen controlled by a pair of scan coils above the specimen. 

(Figure 1.3.4) Hence, the size of the probe decides the resolution of the recorded STEM image. 

Meanwhile, an annular detector is used to collect the scattered electrons, where the contrast can 

be tuned by the collecting angle. A high angular range of the collected electrons can be obtained 

by using a smaller camera length, referred to as high-angle annular dark field STEM (HAADF-

STEM). The HAADF-STEM imaging is also known as Z-contrast imaging, since the Rutherford-

like scattering of the electrons scattered to high angles is collected and contribute to the image 

formation, where the intensity is approximately proportional to square of the atomic number (Z
2
) 

and to the thickness of the specimen. HAADF-STEM imaging is essentially an incoherent 

imaging dominated by mass-thickness contrast, and is therefore both chemically sensitive and 

thickness dependent. Annular dark field STEM (ADF-STEM) uses a longer camera length and 

the image intensity is determined by both the mass-thickness and diffraction contrast. In addition, 

bright-field STEM (BF-STEM) imaging also can be obtained by inserting a detector along the 

optical axes of the microscope, which leads to a phase contrast similar to HRTEM. BF-STEM 

has the advantage of imaging light elements such as O,
[77]

 Li,
[78-79]

 and even H
[80]

 and is regarded 

as a useful supplementary to HAADF-STEM which is more sensitive to heavy elements. 
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Figure 1.3.4 Schematic illustration of the STEM mode 

3.2.3 Electron tomography 

TEM imaging techniques introduced above are all essentially 2D (two dimensional) projections 

of a 3D (three dimensional) object. It can be confusing in studying 3D structures, such as 

core@shell particle and particle@porous material, when the internal structure of samples and the 

relative location of features cannot be revealed in a projected 2D image. It is therefore necessary 

to use electron tomography as a direct method to study the structures in 3D, particularly 

nanostructured materials including hierarchically porous and core@shell structured 

nanomaterials. The process of electron tomography normally consists of three steps: 

(1) Acquisition 
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A tilt series of the object is acquired over the largest possible range with a minimal tilt step, 

which means that a series of projections are recorded at every step (Figure 1.3.5). Typically, the 

step-size is 2°~5° and the tilt range is around ±75° or 150° in total, which is restricted by the 

holder and the gap of the pole pieces in the microscope. Hence, the incomplete coverage of the 

tilting range results in the so-called “missing wedge artefact” in the reconstruction. The 

minimization of the missing wedge by increasing the tilting range as much as possible can 

improve the quality of the 3D reconstruction. It is important to note that in experimental electron 

tomography, the projection requirement should be fulfilled which states that the intensity on the 

projection images should be a monotonic function of a certain property of the sample under 

investigation.
[81]

 In this case, although the TEM and STEM modes
[82]

 can both be used for a tilt 

series acquisition, HAADF-STEM is preferred for electron tomography as the phase and 

diffraction contrast are suppressed for crystalline samples. Nevertheless, TEM imaging can be 

used for amorphous samples or weakly scattering materials due to the predominance of the mass-

thickness contrast. 

(2) Alignment 

After the tilt series is recorded, an alignment procedure is used to compensate for the movement 

of the sample during the acquisition. This procedure is usually based on a combination of cross-

correlation of images and position-tracking of a common feature in each image.  

(3) Reconstruction and visualization 

Several algorithms are commonly used for electron tomography reconstructions. Weighted back 

projection (WBP)
[83]

 works on the real-space data as well as the Fourier transform data of either 

the object or the projections, which assumes that the projection images represent the amount of 

mass density encountered by imaging rays, This method simply distributes the known specimen 

mass present in the projection images evenly over the computed back projection rays. The 

simultaneous iterative reconstruction technique (SIRT)
[84]

 is an iterative technique that starts 

from WBP for iterative optimization, which compares the reconstruction of every iteration to the 

projection data and continue refining until the predefined criterion is met. The recently 

developed discrete algebraic reconstruction technique (DART)
[85]

 is a discrete iterative 

tomography algorithm that relies on prior knowledge of the reconstructed volume. It works well 

in reconstructing the morphology of materials made of only a few different components. 
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Figure 1.3.5 Schematic illustration of the “tilt series” acquisition 

3.3 Spectroscopy techniques 

When electrons enter a material, there are several possible interactions between the accelerated 

electrons and the atoms of the specimen via electrostatic Coulomb forces (Figure 1.3.6); however 

the majority simply passes through the material without being scattered (unscattered electrons). 

The scattered electrons can be classified as elastic (the direction of momentum is changed but the 
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energy loss is minimal) and inelastic (the energy is transferred) scattering. The elastically 

scattered electrons at low angles contribute to the image formation, including TEM, ED and 

HRTEM. Incoherent quasi-elastic scattered electrons under high angles (Rutherford-like 

scattering) are used for HAADF-STEM imaging. The energy lost in an inelastic scattering can be 

analyzed using electron energy-loss spectroscopy (EELS), and the emitted X-rays indirectly 

transferred from inelastically scattered electrons are used for energy dispersive X-ray 

spectroscopy (EDX). 

 

Figure 1.3.6 Simplified electron beam-sample interaction 

3.3.1 Energy dispersive X-ray spectroscopy 

In inelastic scattering, the incident electrons can excite inner shell electrons and leave holes. 

Then a higher energy electron from an outer shell can occupy the hole and emit an X-ray photon 

to release the extra energy. Therefore, each element and shell has a specific energy as an intrinsic 

fingerprint. The emitted X-ray can be analyzed to identify elements in the sample, i.e. EDX 

characterization.  By combining EDX with STEM imaging, EDX data can be acquired from any 

wanted area by precisely controlling the beam even down to atomic level. By scanning the beam 

over a certain area, EDX elemental mapping is possible in TEM. 
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In a recent development (Super-X EDX detection system) four detectors are placed around the 

specimen (Figure 1.3.7), allowing the collection of the X-rays simultaneously along several tilt 

directions of the specimen.
[86]

 This Super-X has significantly improved the efficiency and 

precision of EDX.  

 

Figure 1.3.7 Schematic illustration of the Super-X EDX detection system
[87]

  

3.3.2 Electron energy-loss spectroscopy
[88]

  

When the incident electrons are scattered inelastically by the specimen, the energy transferred 

from the incident electrons to the specimen is equal to the energy loss of the incident electrons. 

Such energy loss of the primary electrons carries the chemical information of the sample and can 

be analyzed by electron energy-loss spectroscopy (EELS).
[89]

 A typical EELS spectrum can be 

divided into three parts: 

(1) The zero-loss peak (ZLP, at 0eV): The majority of the incident fast electrons are elastically 

scattered with litter energy transfer below the detection resolution of the energy filter. That 

means these electrons lose “0 eV” in the spectrum. This ZLP can be used for the alignment 

of the EELS spectrum to avoid energy drift during the experiment. 

(2) The low-loss region (1-100eV): It mainly corresponds to the excitation of electrons at the 

outermost atomic orbitals which are delocalized within the solid due to inter-atomic 

bonding and may extend over several atomic sites.  The low-loss region is dominated by 

the collective and resonant plasma oscillations of the valence electrons. The peak position 
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in low loss region is determined by the density of the valence electrons, and its width 

reflects the damping effect caused by single-electron transitions. 

(3) The core-loss region (above 100eV): It contains the chemical information of the sample. 

The incident electrons can excite the inner-shell electrons of atoms to an unoccupied state, 

resulting in an energy loss of the inelastically scattered electrons. It means that the 

excitation edges correspond to the energy-loss of inner-shell electrons that are excited to a 

higher, unoccupied state, which can be used to determine the constituent elements. The 

shape of the excitation edges is related to the unoccupied density of states (DOS). The 

study of the excitation edge is usually referred to as energy loss near edge structure 

(ELNES), which is determined by the electronic state and the bonding of the atoms. The 

analysis of ELNES can be used to distinguish allotropes and to determine local bonding 

(valence of element). A typical example on the fine structure between TiO2 rutile and 

anatase is presented in Chapter 3. 

A combination of EELS with STEM also allows EELS mapping. In STEM mode, when the 

probe beam scans a selected area of the sample, an EELS spectrum can be collected 

simultaneously with pixel by pixel correspondence to the scanned area. In this case, it is possible 

to map the valence states with atomic resolution in the condition of high energy resolution and 

high spatial resolution, which promotes STEM-EELS as a strong tool to investigate the chemical 

and crystallographic nature of materials.
[90-91]
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3.4 Electron microscopes at EMAT 

The electron microscopes at EMAT laboratory used in this work are listed in the table 1.3.1. 

Table 1.3.1 List of electron microscopes 

Microscope 
Phillips 

CM20 

Phillips 

CM30 

(retired) 

JEOL 3000F FEI Tecnai 
FEI Tecnai 

Osiris 

FEI Titan 

(QU-Ant-EM) 

FEI Titan 

(X-Ant-EM) 

Electron 

source 
LaB6 FEG FEG FEG FEG FEG FEG 

Acceleration 

Voltage (kV) 
200 300 300 200 80/120/200 80/120/300 60/80/120/200/300 

STEM 

Detectors 
− − BF/(HA)ADF BF/(HA)ADF BF/(HA)ADF BF/(HA)ADF BF/(HA)ADF 

EDX √ − √ √ Super-X √ Super-X 

EELS − 

GIF 

(no mapping) 

GIF − 

GIF 

(no mapping) 

GIF GIF 

Abberration 

correction 
− − − − − 

Probe/image 

correctors, 

monochromator 

Probe corrector, 

monochromator 

 

  



30 

 

4. Motivation 

In materials science, research is always made up of three parts: property (application), structure, 

and synthesis, corresponding to three main questions: Why do we need it, what is it, and how do 

we obtain it. Therefore, the first goal of this PhD work is to find out the answer to “what is it”. 

As introduced in the section 3 of this chapter, electron microscopy is a powerful technique to 

reveal the structure of the materials, from micrometer to atomic scale, from surface to internal 

structure, from physical structure to chemical component, from 2D to 3D, from imaging to 

spectroscopy. However, electron microscopy also has its own weakness (as every technique has) 

such as beam damage and a limited search area. On one hand, we combine several different 

characterization techniques with electron microscopy to determine the structure of materials; on 

the other hand, we develop advanced TEM techniques to overcome certain limits. The 

interpretation of images and data is equally important in research. 

Following “what is it”, the second goal of this PhD work is to reveal the relationship between 

structures and properties as well as synthesis, which is often closely related to the type of 

materials. As presented in section 1 and 2 of this chapter, the nanomaterials with hierarchical 

structures always exhibit outstanding performances in many aspects (e.g. catalysis, energy 

storage, optics, life science). It is therefore essential to probe the impact of nanostructure on the 

property and performance of novel hierarchical materials. Meanwhile, the feedback from 

structure analysis can help optimize the synthetic approach. To perform this work needs not only 

a knowledge about electron microscopy but also the strong background on nanostructured 

materials are required. The major challenge is to apply and even adapt a recently developed 

advanced TEM technique to a complex hybrid-materials system. Therefore, several 

representative important hierarchically structured nanomaterials are studied in the following 

three chapters featuring different material types: silicon oxide based materials (Chapter II), 

titanium oxide based materials (Chapter III) and zinc oxide based materials (Chapter IV). In 

every specific material, the motivation, structural investigation, synthetic strategy, properties, 

and the interconnection between them are demonstrated and discussed in detail.  
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Silicon as the second most abundant element in the Earth crust (about 28% by mass), is widely 

distributed among dust, sand, planetoids, and planets in the forms of silica or silicates. The 

tremendous amount of silicon on the Earth makes a large impact on human world, including 

industrial construction, ceramics, glass, polymer, biomedicine, semiconductor electronics, fine 

chemical industries and much more. Undoubtedly, silicon based materials are one of the largest 

categories in materials science. Generations of scientists have been involved in this research field, 

from pottery to cement, from glass to semiconductor, from polymer to porous material. This 

chapter is dedicated to one of the most novel Si-based materials, i.e. silica-based hierarchically 

structured nanomaterials. 
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1. Hierarchically suprastructural ZSM-5 

nanomaterials 

1.1 Introduction 

Zeolites are aluminosilicate minerals with a crystalline framework and an ordered network of 

micropores in the range of 0.25-1.5 nm typically. As one of the most important catalysts in 

modern industry including petrochemical industry, zeolites have been studied intensively and are 

still being developed.  

1.1.1 Conventional zeolites 

From natural to artificial 

In 1756, natural zeolites were first discovered in cavities and basalts by a Swedish mineralogist 

Axel Fredrik Cronstedt, who observed a large amount of steam upon heating this mineral.
[1]

 

Hence he named the material as “zeolite” from classical Greek, where “zeo” means “to boil” and 

“lithon” means “stone”. At the end of the 19
th

 century, natural zeolites were also found in 

sedimentary rocks, and their usage in adsorption and ion exchange was gradually recognized.
[2]

 

Through geological explorations and extensive studies on minerals, more and more natural 

zeolites have been discovered. Up to now, more than 40 types of natural zeolites have been 

found. 

After the Second Industrial Revolution (between 1870 and 1914), an urgent request to develop 

artificial zeolites to replace the natural ones emerged from industry due to huge demands. Since 

the 1940s R. M. Barrer and a number of scientists started to research on massive synthesis of 

zeolites.
[3]

 By the end of 1954, the production of zeolites A and X was industrialized.
[4]

 Soon 

afterwards, a number of companies like Linde, UCC, Mobil, and Exxon, were able to produce a 

series of synthesized zeolites with an intermediate Si/Al ratio (Si/Al=2–5), including mordenite, 

zeolite L, erionite, chabazite, clinoptilolite, and so on. During that period of rapid development 

of artificial zeolites, Argauer and Landolt in Mobile Oil Corporation synthesized one of the most 

important zeolites in the Pentasil family ̶ ZSM5 in 1972.
[5]

 This family of zeolites was widely 
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employed in the gas purification and separation, catalytic processes of petroleum refining and 

petrochemistry, and ion exchange, etc.
[6]

 By November 2015, a total amount of 231 unique 

zeolite frameworks have been recognized by the International Zeolite Association (IZA).
[7]

 An 

illustration of zeolite development history is shown in Fig.2.1.1. 

From macroscopic to microscopic 

Conventional zeolites (both natural and artificial) are bulk type on a macroscopic scale. More 

recently, nanosized zeolites (meaning that the size of individual zeolite particles is down to 

nanoscale) have received tremendous attention due to their exceptional size effect, which offers 

solutions to a number of problems, e.g. the diffusion limitations in zeolite catalysis.
[8-9]

 The 

decrease in crystal size leads to an increase in external surface area and a decrease in the length 

of the diffusion path, which significantly improves catalytic reactions where zeolites are used as 

catalysts.
[10]

 

 

Figure 2.1.1 History of Zeolites developments 
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1.1.2 Hierarchically structured zeolites 

Further tailoring of the zeolite microstructure to combine the advantages of both multimodal 

porous systems and zeolite crystals, has stimulated the concept of introducing supplementary 

pores (meso/macropores) into zeolite materials, and hence the fabrication of hierarchically 

structured zeolites. A number of possible combinations are briefly introduced as follows. 

Micro-mesoporous structured zeolites 

The discovery of silica-based ordered mesoporous materials with large and uniform pores, like 

MCM-41,
[11]

 SBA-15,
[12]

 FMS-16,
[13]

 etc., has offered a solution to the inefficient molecular 

diffusion and mass transfer problems associated with conventional zeolites. A significant 

progress has been reported by Ryoo’s group, who synthesized hexagonally ordered mesoporous 

molecular sieves with a 1.7nm thick crystalline framework by a surfactant templating method.
[14]

 

However, it is still difficult to fabricate zeolites with highly ordered mesoporous structures, due 

to the difficulty in building stable units of zeolites within confined spaces limited by the wall of  

the mesopores (just 2-3nm). Therefore, most reported mesoporous structured zeolites have thick 

walls and disordered mesopores.
[15]

 

Micro-macroporous structured zeolites 

The micro-macroporous structured zeolite is another important member of the hierarchically 

porous zeolite family. The introduction of a macroporous system into the zeolite matrix results in 

a shorter diffusion path length and faster mass transfer during catalytic reactions. Moreover, the 

macroporous structure is believed to significantly increase the resistance to coke deposition 

(explained in section 1.1.3), which is a long-standing problem in conventional zeolite catalysts 

limiting the recyclability. Much effort has been dedicated to the development of various zeolites 

with macroporous structures.
[16]

  

Micro-meso-macroporous structured zeolites 

The hierarchical catalysts with a mico-meso-macroporous structure have a strong catalytic 

activity and various applications. Pores with sizes across a large range are interconnected in 

hierarchical zeolites, maximizing the benefits of hierarchy in catalytic reactions which have their 

own preferential pore sizes. Nowadays, the challenge remains to introduce both mesopores and 
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macropores into zeolitic materials, although a few systems of micro-meso-macroporous zeolitic 

materials have been successfully synthesized already.
[17-19]

 

1.1.3 Properties and applications of zeolites 

Molecular sieves have three main fields of applications: 1) Separation, purification, drying and 

environment treatment processes, 2) Petroleum refining, petrochemical, coal and fine chemical 

industries, 3) ion-exchange, detergent industry, radioactive waste storage, and treatment of liquid 

waste. 

Development history of applications 

In the 1950s, the first application of NaA in the separation and isoalkanes was discovered by 

Linde Company. Ten years later, X- and Y- zeolites were used as catalysts for cracking reactions 

of hydrocarbon conversion. Following these industrial successes, zeolites have been widely used 

in the petroleum industry for reactions such as cracking, alkylation, isomerization, shape-

selective reforming, hydrogenation and dehydrogenation, methanol-to-hydrocarbon conversion 

etc. Zeolites have also been extensively used in the detergent industry and in a variety of 

adsorption and separation processes such as the drying, the removal of CO2, the desulfurization 

for natural gas, the separation of xylene isomers, of alkenes, and of O2/N2 from air.
[20]

 

Methanol-to-olefins (MTO) reaction 

In petrochemistry, the methanol-to-olefins (MTO) reaction is regarded as one of the most 

powerful methods to produce basic petrochemicals from nonoil resources such as coal and 

natural gas. Since its first proposal by Mobil Corporation in 1977,
[21]

 many institutions and 

companies have put great effort into the research of MTO reactions. The workflow of MTO is 

summarized in Figure 2.1.2. As the most important bridging product in the MTO process, 

methanol is made from synthesis gas (a mixture of CO and H2) which is formed by a steam 

reform of natural gas and gasification of coal. The methanol is then converted to gasoline 

(Methanol-to-gasoline, MTG) or olefins (Methanol-to-olefins, MTO) as shown in the 

workflow.
[22]

 In the MTO reaction, methanol is first dehydrated to dimethyl ether. The 

equilibrium mixture formed, containing methanol, dimethyl ether and water, before conversion 

into light olefins. In the end, the light olefins could react to form higher olefins, paraffins, 
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aromatics, and naphthenes by polycondensation, hydrogen transfer, and alkylation. ZSM-5 is one 

of the most critical catalysts in the MTO reaction. In this section of thesis, we will focus on how 

hierarchal ZSM-5 enhances the MTO reaction with its unique hierarchal structure.  

 

Figure 2.1.2 The main procedure of MTO reaction 

Coke  

In the MTO reaction, the formation of light olefins from methanol is a complicated catalytic 

process with a large variety of by-products. As illustrated in the green box of Fig.2.1.2, the 

methanol or dimethyl ether is first converted to intermediates, which partially react to form light 

olefins (C2H4, C3H6, C4H8). Unfortunately, part of the intermediates form carbonaceous residues 

termed as “coke” which could decrease the catalytic activity by covering the catalytic sites and 

blocking the porous channels for catalyst.
[23]

 In this manner, the access of reactant molecules to 

the catalytic sites is blocked, and reversely the diffusion of products out of the pores is prevented. 

How to reduce “coke” by optimizing the catalysis process has attracted lots of research attentions. 

In coke, diffusion limitation not only leads to a negative influence on the catalytic activity but 

also causes a loss in selectivity and a reduction in the lifetime of the catalysts.
[24]

 To overcome 

this limitation, zeolites with hierarchical structures have been developed to optimize the 

diffusion-related performance. Hierarchically structured zeolites possess a superior catalytic 

activity compared to conventional zeolites, since they couple the catalytic features of zeolitic 

micropores and matter transport as a result of the additional larger porous networks both within a 
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single system.
[25-26]

 A key question in these hierarchical structures is to improve the connectivity 

between various sizes of pores in order to optimize the catalytic reactions.  

1.1.4 Motivation and experimental setup 

Motivation 

Although a number of problems are still present in the current industry when using traditional 

zeolites, it has been proposed that novel zeolite materials with a hierarchical structure can 

efficiently tackle down these problems as explained above. However, to develop hierarchically 

porous zeolite based materials with multimode porosity, high connectivity between various 

porosities, tunable porous hierarchy, high thermal as well as hydrothermal stability, remains a 

great challenge. In this context, we show that these superior properties can be achieved by the 

introduction of an intracrystalline porous hierarchy within a zeolite single crystal.  

The result is proposed to be a ZSM-5 single crystal zeolite with a highly interconnected 

intracrystalline ordered macro-mesoporous structure within a hierarchically inverse opal 

structural carbon template obtained via a steam-assisted crystallization process. This hierarchical 

structure could be evidenced by different electron microscopy techniques, including 3D imaging. 

The intracrystalline macro-mesoporous structure renders these zeolite crystals a maximized 

intracrystalline diffusion rate, reduced deactivation rate and improved catalyst time. TEM 

investigations on the synthesis approach help to understand the mechanism, and we believe this 

method can be applied to other zeolites or zeotype materials, e.g. Zeolite Beta, TS-1 (Titanium 

silicalite-1), etc. 

Experimental setup 

First, characterization techniques including low magnification SEM, XRD, and N2 sorption, are 

used to demonstrate the morphology and porosity of the as-prepared ZSM-5. Second, TEM 

characterizations are carried out to reveal the micro-structures of the material. The main 

challenge of zeolite characterization by TEM is how to avoid electron beam irradiation damage, 

including knock-on damage, ionization damage, and sample heating, which could destroy the 

ordered micropores within short exposure time. In this case, electron diffraction with a minimal 

electron dose is used to investigate the structure of the zeolite crystals. Third, weak beam 
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HRTEM is used to image the zeolite crystal structure at high resolution (nanometer or better) and 

to determine the crystallinity of the interface in detail. Additionally, 3D imaging in TEM is used 

to investigate the hierarchical structure and morphology using STEM. Meanwhile, the 

controllability of the hierarchical structure via this synthesis method is demonstrated by STEM 

imaging and electron diffraction. 

The experimental procedure is applied onto a series of samples synthesized during different 

crystallization times. These results could demonstrate the crystallization process when the 

precursor forms the zeolite in the template. In this manner, the synthesis mechanism can be 

studied, and the synthesis approach could be further optimized for improved properties. 

1.2 Results and discussions 

The samples used for TEM investigation were synthesized by a template method via a steam-

assisted crystallization process. Considering the variations in template and synthetic parameters, 

a typical sample synthesized through an inverse opal structural template with 400nm diameter 

cages and 10h crystallization time was investigated as a primary sample. The sample is referred 

to as “HSCZ-400-10”, where “HSCZ” is short for “hierarchical single crystal zeolite”, and “-

400-10” represents the template feature size and crystallization time respectively. The results on 

structure and properties are presented in section 1.2.1 and 1.2.2. The entire series of samples are 

summarized in Table 2.1.2 of section 1.4, which will be discussed later in section 1.2.3. 

1.2.1 Morphology and structure 

The morphology of HSCZ-400-10 sample is shown on the SEM images (Figure 2.1.3 a and b). It 

contains particles with a uniform morphology consisting of spheres with same sizes. Macropores 

with a pore size of around 100 nm are observed at the surface of these particles, as shown in the 

higher magnification image of Figure 2.1.3b. No isolated spheres or bulk particles without 

porous structure were detected throughout the entire sample. The peaks in the XRD patterns are 

characteristic of the ZSM-5 crystal structure (JCPDS card no. 044-0002) (Figure 2.1.3c). 

Meanwhile, this HSCZ-400-10 exhibits a type I N2 physisorption isotherm (Figure 2.1.3d). The 

specific surface area (Brunauer-Emmett-Teller model)
[27]

 and the micropore volume (t-plot 

method)
[28]

 of 223 m
2
g

-1
 and 0.16 cm

3
/g, respectively, indicate the presence of a highly 
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crystalline MFI-type zeolite. In addition, the micropore size distributions (Figure 2.1.3 inset) of 

solids in this thesis are calculated according to the filling of the micropore volumes in the P/P0 < 

0.02 by the Horvath-Kawazoe (HK) method
[29]

, and the mesopore size distributions (Figure 2.1.3 

inset) of solids in this thesis are extracted from the desorption branch using the Barret-Joyner-

Halenda (BJH) algorithm
[30]

. 

 

Figure 2.1.3 Structural characterization of hierarchically ordered ZSM-5 single crystal, (a, b) 

SEM images at different magnification, (c) corresponding XRD pattern, (d) corresponding N2 

adsorption-desorption and mesopore distribution (inset). 

In excellent agreement with the SEM image presented in Figure 2.1.3 a and b, Z-contrast 

HAADF-STEM confirm that the ZSM-5 particle has a strongly faceted, ordered opal structure 

(Figure 2.1.4 a) and the corresponding electron diffraction pattern of the zeolite particle (Figure 

2.1.4 b) indicates that, even though it consists of several zeolite spheres, the whole particle is one 
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single crystal, as confirmed by the high resolution image along the [010] zone axis. By indexing 

the diffraction pattern, the particle facets can be readily identified. The largest facets, oriented 

perpendicular to the electron beam, are (010)-type, while the smaller side facets are (101) and 

(001)-type. The dominance of the (010) surface facets can be explained from the MFI-type 

zeolite crystal growth and is in agreement with theoretical calculations that predict the smallest 

surface energy for (010).
[31]

 Although the single crystal nature of the zeolite particle has been 

confirmed by electron diffraction, the degree and nature of interconnection between the zeolite 

spheres are still unclear. In order to elucidate the interface structure in between individual zeolite 

spheres in the material, we carried out HR-TEM measurements. Considering the fact that zeolite 

materials are always highly sensitive to electron beam irradiation, HR-TEM experiments were 

carried out at a lower acceleration voltage (120 kV) and under low dose conditions, in order to 

avoid irradiation damage to the structure. 

 

Figure 2.1.4 (a) HAADF-STEM image of a single zeolite particle HSCZ-400, (b) corresponding 

electron diffraction pattern of the whole area in (a). 

A typical joint between two zeolite spheres was investigated in Figure 2.1.5 a. The selected area 

electron diffraction (SAED) patterns taken from three different regions of the joint (Figure 2.1.5 

a zone 1 to 3) show that the two zeolite spheres, including the half sphere on the left (Figure 

2.1.5 b), the sphere on the right (Figure 2.1.5 d) and the joint area (Figure 2.1.5 c), are all imaged 
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along the same zone axis, being [001]. Furthermore, the HRTEM image (Figure 2.1.5 e) of the 

joint reveals a high degree of crystallization, and no obvious grain boundary is observed at the 

interface, which means that the zeolite spheres are connected and form a whole zeolite crystal, in 

agreement with the diffraction evidence of the whole assembly (Figure 2.1.4 a). No defects such 

as stacking faults, twin formation or dislocations are observed, confirming the pristine crystal 

structure throughout the particle. These two-dimensional (2D) TEM results prove that the 

materials form a hierarchical structure as a highly crystalline MFI-type zeolite single crystal. 

However, the highly ordered opal structure cannot be completely characterized from these 2D 

images alone. These projected images are unable to reveal the 3D stacking of the zeolite spheres. 

This can however be achieved through electron tomography, a technique in which several 2D 

projection images are combined into a 3D reconstruction using a mathematical reconstruction 

algorithm.
[32]

 

 

Figure 2.1.5 (a) Bright field TEM image of a typical joint between zeolite spheres; (b-d) 

corresponding SAED patterns from zone 1(b), zone 2 (c) and zone 3 (d), (e) HR-TEM image of 

the connection between two zeolite spheres (indicated by the green rectangle in a) with an 

enlarged image of the interface region as inset. 

To obtain a 3D representation of the zeolite particle structure, HAADF-STEM electron 

tomography (Figure 2.1.6 e) was carried out on a single hierarchically macro-mesoporous ZSM-

5 zeolite crystal. The volume reconstruction (Figure 2.1.6 e) demonstrates a classical structure, 

made up of stacked, interconnected zeolite spheres. For a better visualization of the arrangement 
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of the zeolite spheres, slices along two different axes are shown in Figure 2.1.6. Two 

neighboring slices (A layer and B layer) along the y-axis correspond to the {010} planes of a 

close-packed face-centered cubic (FCC) arrangement (Figure 2.1.6 b to d). The green and red 

spheres present the FCC positions of the A and B layers along the [010] axis of the FCC 

structure. Similar results of two neighbouring layer slices along the z-axis ([-101] axis of the 

FCC structure) are shown in Figure 2.1.6 f to h. These results confirm that the zeolite spheres 

form a highly ordered structure with a close-packed FCC arrangement, which is consistent with 

the inverse structure of the carbon template. It is important to note that the size of the zeolite 

spheres is highly uniform (around 450nm), and that all the spheres are connected with their 

nearest neighbors (Figure 2.1.6 c-h). The joints in between the spheres are presumably formed 

during the crystallization of the precursor, present within the windows of the inverse opal 

structural template. In addition, the appereance of strikes in the intensity along the Z direction 

(Figure 2.1.6 g and h) of the reconstruction, are artifacts of the reconstruction process. In this 

case, a total variation minimization (TVM) algorithm 
[33]

 was used; therefore the reconstruction 

was built by iteratively reconstructing single 2D slices, that were afterwards stacked along the Y 

direction. As a consequence, it happens that neighboring voxels of the volume, actually belong to 

two different 2D reconstructions, and could show fluctuations in the gray values due to the 

presence of experimental noise in the projections. These fluctuations appear as strikes when 

observing the volume through directions perpendicular to the Y direction. However, using a 

different algorithm such as simultaneous iterative reconstruction technique (SIRT) would lead to 

a reconstruction without this particular artifact, but affected by severe missing wedge artifacts, 

that would hamper the clear distinction of the particles in this case. TVM has the advantage of 

compensating for missing wedge artifacts, by assuming a sparse gradient for our object. 
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Figure 2.1.6 (a) HAADF-STEM image of a single hierarchical zeolite crystal particle HSCZ-

400-10, (e) 3D tomographic reconstruction of the zeolite particle presented in (a), (b) and (f) 

schematic representation of the face-centered cubic (FCC) arrangement of the zeolite spheres 

with individual layers of the structure colored in green (A layer) and red (B layer) along the Y 

and Z axis of the tomographic reconstruction, (c) and (d) A layer and B layer (indicated in b) 

slices through the 3D reconstruction (XZ plane, perpendicular to Y axis), (g) and (h) A layer and 

B layer (indicated in f) slices through the 3D reconstruction (XY plane, perpendicular to Z axis). 

In summary, the results presented above clearly demonstrate that highly ordered, hierarchical 

opal structural single zeolite crystal (MFI-type) particles have been successfully synthesized via 

a steam-assisted crystallization process. This is obviously very important for the improvement of 

the mass transport properties and better accessibility of the acid active sites in the micropores for 

molecules in diffusion limited reactions.  

1.2.2 Catalytic properties and stabilities 

In order to investigate the advantages of an ordered hierarchical structure for catalytic reactions, 

sample series of the as-synthesized HSCZ zeolite materials together with control groups were 

evaluated based on their performances in a MTO reaction. The list of samples is presented in 

section 1.4, Table 2.1.2. 
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The control groups including bulk zeolite and nano zeolite, are provided by Shanghai Research 

Institute of Petrochemical Technology in Sinopec. The morphology, degree of crystallinity, and 

pore distribution are shown in Figure 2.1.7. The Bulk-ZSM5(23) sample consists of unevenly 

sized particles (1-4 μm) with a rough surface, as seen from the SEM images (Figure. 2.1.7 a and 

c). XRD reveals the synthesized material to be a highly crystalline MFI-type zeolite (Figure. 

2.1.7 e). This sample exhibits a type I isotherm, which is in good agreement with the XRD result. 

(Figure. 2.1.7 g) The corresponding BJH (Barret-Joyner-Halenda) pore size distribution shows 

two peaks around 2 and 4 nm. (Figure. 2.1.7 g inset) The Bulk-ZSM(45) sample has the similar 

morphology as Bulk-ZSM(23), but with a different Si/Al ratio. The Nano-ZSM5(21) sample is 

composed of nanocrystals with a size of 1-2 μm that tend to aggregate. (Figure 2.1.7 b) The size 

of these nanocrystals is approximately 20nm. (Figure 2.1.7 d) XRD shows that these particles are 

highly crystalline MFI-type zeolites as well. (Figure 2.1.7 f) The sample also exhibits a type I 

isotherm, and the corresponding BJH (Barret-Joyner-Halenda) pore size distribution shows pore 

sizes of approximately 45 nm, which indicates the coalescence of mesopores between the 

nanocrystal particles. (Figure 2.1.7 h) 

As shown above, the Bulk-ZSM5 samples have no hierarchical structure, and the Nano-ZSM 

sample has hierarchical structure, but with disordered coalesced pores. All of them have similar 

components (Si/Al ratio) as the as-synthesized samples. Meanwhile, the as-synthesized samples 

with different components (Si/Al ratio) are also included, so that it makes the discussion on the 

effect of an ordered hierarchical structure more reliable. Moreover, the Si/Al ratios of all the 

samples were determined by inductively coupled plasma optical emission spectroscopy (ICP-

OES). 
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Figure 2.1.7 (a-d) SEM images of Bulk-ZSM5(23) sample (a and c) and Nano-ZSM5(21) sample 

(b and d), (e and f) corresponding XRD patterns of Bulk-ZSM5(23) (e) and Nano-ZSM5(21) (f), 

(g and h) corresponding N2 adsorption-desorpyion and pores distritbution (insets) of Bulk-

ZSM5(23) (g) and Nano-ZSM5(21) (h). 
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Catalytic properties in the MTO reaction 

The critical impact of the intracrystalline hierarchical structure in the MTO reaction is reflected 

on the lifetime of catalytic cycle. The delayed transport of the reactant usually favors 

accumulation of coke, which in turn blocks the micropores and negatively impacts not only on 

the catalytic stability, but also on the selectivity. As expected, the average coking rate by 

commercial Bulk-ZSM5(23) reaches as high as 8.88 mg∙g
-1

∙h
-1

. Comparative evaluation of the 

Nano-ZSM5(21) in the MTO reaction reveals an average coking rate of 7.15 mg∙g
-1

∙h
-1

, which is 

slightly improved over Bulk-ZSM5. However, the single crystal HSCZ-400(30) samples show a 

large improvement of 3.92 mg∙g
-1

∙h
-1

. (Figure.2.1.8 and Table 2.1.1) Accordingly, commercial 

Bulk-ZSM5(23) suffers from a sharp deactivation in the conversion of methanol after only about 

2.4 h on the stream, which is much shorter than for Nano-ZSM5(21) (9.5 h). The highest 

activated cycle time is demonstrated on our single crystal HSCZ-400(30) with a similar Si/Al 

ratio which is five times more (11.6 h) than commercial Bulk-ZSM5(23), indicating an efficient 

coking-delay result by hierarchical structure. (Figure.2.1.9 and Table 2.1.1) Analysis of the 

selectivity of C2= and C3= olefins (ethylene and propylene) further demonstrates the key role of 

a hierarchical porous structure for the distribution of products in the MTO reaction (Figure 

2.1.10). In comparison with their conventional counterparts, higher selectivity to ethylene and 

propylene is also observed when using hierarchically porous ZSM-5 single crystals (HSCZ-

400(30)) as catalyst. More importantly, the high selectivity of light olefins remains almost 

constant during a single cycle testing.  
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Figure 2.1.8 The correlation between the average coking rate and the deactivation rate of 

various samples 
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Figure 2.1.9 Comparison of the catalytic conversion over different samples in MTO reaction,  
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Figure 2.1.10 The total selectivity of ethylene and propylene in the MTO reaction for various 

zeolites 

The catalytic performance of ZSM-5 single crystals with different Si/Al ratio and different 

intracrystalline mesopore size was also studied. A higher Si/Al ratio in the catalyst results in a 

lower average deactivation rate and coke rate, thus resulting in a longer cycle time in the MTO 

reaction (Figure.2.1.8 and Table 2.1.1). The cycle time of HSCZ-400(100) (20.4 h) is nearly 

double as that of HSCZ-400(30). However, the Si/Al ratio had only a minor effect on the final 
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catalytic selectivity. The selectivity of samples with different ratios stays between 45% and 50%. 

It is interesting that the size of the intracrystalline macropores, which could be adjusted by the 

sphere diameters, is another crucial factor in extending the lifetime of the hierarchically porous 

zeolite crystals. Samples with a larger intracrystalline pore size exhibit a reduced initial 

deactivation rate and a prolonged cycle time was found over these catalysts (Figure.2.1.9 and 

Table 2.1.1). HSCZ-600(100) exhibits the lowest coke rate (1.01 mg∙g
-1

∙h
-1

) and the longest 

cycle time (31.0 h), which is attributed to the improved diffusion performance of the embedded 

larger macropores. These results can be attributed to the completely open hierarchically porous 

structure of the ZSM-5 single crystals, which can remarkably improve molecular diffusion. As a 

result, the product molecules can easily escape from the zeolite channels and secondary reactions 

are suppressed drastically, leading to a high selectivity of propylene and ethylene, and a low 

deactivation rate.  

Moreover, we found a roughly linear correlation between deactivation rate and average coke rate 

in the different zeolites (Figure 2.1.8). For ZSM-5 zeolite catalysts with different physical-

chemical characteristics, no matter bulky, nano, or hierarchical structure, or even different Si/Al 

ratio, the relation between deactivation rate and coke rate in the MTO reaction follows a linear 

fitting curve. This further confirms that the resistance of zeolites to deactivation is mostly 

correlated with a suppression of coke formation. Consequently, avoiding coke accumulation is of 

crucial importance in designing long-life catalysts. 

Table 2.1.1 Catalytic activities for MTO reactions and over various ZSM-5 catalysts 

Sample 
Cycle time  

(h
-1

)
a 

Average 

deactivation rate  

(% h
-1

)
b

 

Coke amount 

(%) 

Average Coke 

rate in MTH 

(mg g
-1

h
-1

)
c

 

Relative 

diffusion rate 

(s
1/2

)
e
 

Bulk-ZSM5(23) 2.4 25.0 3.73 8.88 0.0181 

Bulk-ZSM5(45) 3.9 26.5 5.59 9.31 - 

Nano-ZSM5(21) 9.5 18.0 9.01 7.15 0.0116 

HSCZ-400(30) 11.6 7.90 7.06 3.92 0.0330 

HSCZ-400(50) 18.5 4.31 6.62 2.29 0.0767 
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HSCZ-400(100) 20.4 2.73 5.15 1.36 0.0477 

HSCZ-200(100) 14.1 6.20 4.72 2.21 0.0421 

HSCZ-600(100) 31.0 2.91 4.59 1.01 0.0805 

a
 the time for which the conversion of methanol exceeds 95%; 

b
 representing the percent loss of 

conversion from 95% to 50% per hour; 
c
 calculated by the mass loss per gram of catalyst over 

cycle time, the mass loss was accounted between 573 K and 973 K; 
d
 Max adsorption amount 

was calculated from the trimethylbenzene when the relative pressure reaches up to 0.986; 
e
 the 

slope of the fitted line in normalized uptake profile, in which t
1/2 

of the drops lower than 2 s
1/2

. 

In brief, our as-synthesized sample HSCZ-400(30) exhibits superior catalytic properties 

compared to commercial bulk zeolite and nanosized zeolite samples. Moreover, the cycle time 

(lifetime) of zeolite can be extended and the average coke rate can be decreased in the MTO 

reaction through increasing the Si/Al ratio and enlarging the macropores in this hierarchically 

structural system, although the HSCZ-400(30) sample has the shortest cycle time and highest 

average coke rate in all series of as-synthesized samples.  

Mechanical stability 

SEM results show that nearly all particles exhibit a hierarchically ordered macroporous structure 

constructed by zeolite spheres that are packed in a highly ordered arrangement under 5 MPa 

(Figure 2.1.11 b). As the pressure increases to 10MPa, plenty of particles still exhibit a highly 

ordered opal structure (Figure 2.1.11 c). Moreover, a certain proportion of particles still 

maintains the hierarchically ordered macro-mesoporous structure even at 15MPa (Figure 2.1.11 

d). The particles under different pressures were confirmed by XRD to be highly crystalline MFI-

type zeolite (Figure 2.1.11 e). The above results indicate that the hierarchically ordered 

macroporous ZSM-5 single crystals exhibit an excellent mechanical stability, which is important 

for their catalytic applications. 
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Figure 2.1.11 (a-d) SEM images of the sample under pressure at 0MPa (a), 5MPa (b), 10MPa 

(c), and 15MPa (d), (e) corresponding XRD patterns. 

Thermal stability 

SEM results show that nearly all particles exhibit a hierarchically ordered macroporous structure 

constituted by zeolite spheres packed in a highly ordered arrangement after heating at 800°C for 

1 h (Figure 2.1.12 b). As the temperature goes up to 1000°C, plenty of the particles still exhibit 

the highly ordered opal structure (Figure 2.1.12 c). The XRD profiles of the samples heated 

under different temperature still exhibit the MFI-type zeolite structure, despite a loss in 

diffraction intensity (Figure 2.1.12 d). Moreover, all samples exhibit type I isotherms which 

clearly indicates the presence of abundant micropores, except for a decreased absorbed amount 

in P/P0 of 0-0.02 as the heating temperature increases (Figure 2.1.12 e). The results shown above 

indicate that the hierarchically ordered macroporous ZSM-5 single crystals exhibit an excellent 

thermal stability, which is important for their catalytic applications. 
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Figure 2.1.12 (a-c) SEM images of a pristine sample (a), sample heated in a furnace at 800°C 

for 1h (b), sample heated in a furnace at 1000°C for 1h (c), (d) corresponding XRD patterns, (e) 

corresponding N2 adsorption isotherms 
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Hydrothermal stability 

The table 2.1.2 shows the structural parameter before (S1) and after (S2) recycle hydrothermal 

treatment. The specific surface area reduces slightly after recycle hydrothermal treatment, which 

demonstrates the as- synthesized sample processes outstanding hydrothermal stability. 

Table 2.1.2 The structural parameters of HSCZ-400(100) after recycle hydrothermal treatment 

Catalysts
a
 SBET

b 
(m

2
/g)

 
Smic

c
 (m

2
/g) Vmic

d
 (cm

3
/g) Vtotal

e
 (cm

3
/g) 

S1 279 169 0.09 0.21 

S2 259 129 0.07 0.21 

a 
S1: HSCZ-400(100), S2: HSCZ-400(100) after recylcle hydrothermal treatments; 

b 
SBET: BET 

surface area determined by BET method. 
c 

Smicro: micropore surface area (m
2
g

-1
); 

d 
Vmicro: 

micropore volume (cm
3
g

-1
) determined by the t-plot method. 

e 
Vtotal: Single point adsorption total 

pore volume at P/Po = 0.99. 

 

1.2.3 Synthetic approach and crystallization process 

Synthetic approach 

The synthetic approach includes three steps: preparing the inverse opal structural carbon 

templates, impregnating the templates with a MFI-type zeolite crystallization precursor solution, 

and steam-assisted crystallization (SAC) (Figure 2.1.13). The hierarchical carbon templates have 

macroporous cages with mesoporous walls as a result of the orderly stacking of carbon spheres 

(diameter around 20nm), and all cages are connected through the windows. (Figure 2.1.14) 

During synthesis the precursor gel is restricted to the macropores of the matrix. Meanwhile, the 

precursor gel which fills in the mesopores, serves as nutrients for the crystallization of the zeolite 

in the macropores. The crystallization is essentially an Ostwald ripening, where the smaller 

crystals or sol-gel particles dissolve to species and then redeposit on the surface of the larger 

ones.
[34]

 The use of the inverse opal structural carbon templates with different macroporosity, 

including different cage sizes and window sizes, results in hierarchically opal structural zeolite 
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crystals with a tunable pore size (Figure 2.1.15). Moreover, the STEM images and corresponding 

SAED patterns demonstrate that the particles are still single crystals. (Figure 2.1.15 b and d) 

 

Figure 2.1.13 Schematic representation of the synthetic process of hierarchically ordered 

macroporous zeolite single crystals 
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Figure 2.1.14 (a and b) SEM images of hierarchical carbon template at different magnifications. 

 

Figure 2.1.15 (a and c) SEM images of HSCZ-600(100) (a) and HSCZ-200(100) (c) respectively, 

(b and d) HAADF-STEM image and SAED patterns (inset) of HSCZ-600(100) (b) and HSCZ-

200(100) (d) respectively 
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Crystallization process 

In the synthesis of HSCZ catalysts, the crystallization is the most important step yet the most 

difficult step due to much uncertainty in different physical and chemical environments. 

Therefore a detailed study of the crystallization process is critical in understanding the synthetic 

mechanism. Series of HSCZ-400 samples have been obtained through adjusting the 

crystallization time only. The XRD patterns reveal different degrees of crystallization from the 

products after different crystallization times (Figure 2.1.16 a). Undoubtedly, the initial product 

without crystallization (HSCZ-400-0) was amorphous. Increasing the crystallization time to 2h, 

lead to the appearance of crystalline peaks (HSCZ-400-2) on an amorphous background. A 

further increase of the crystallization time to 4h (HSCZ-400-4) improves the crystallinity with 

more distinguished peaks in XRD. Finally, a full crystalline MFI-type zeolite without any 

obvious amorphous background was obtained after a crystallization time of 6h (HSCZ-400-6). 

The increase from 6h to 10h did not yield any distinct improvement on the crystallinity. The 

intermediate products collected after 0h, 2h, 4h, and 6h were further studied by SEM (Figure 

2.1.16 b-e). The opal structural morphology cannot be observed in the HSCZ-400-0 sample 

(Figure 2.1.16 b) and HSCZ-400-2 sample (Figure 2.1.16 c), although some typical sharp edges 

are present in the HSCZ-400-2 sample (Figure 2.1.16 c inset), which suggests that the spheres 

are zeolite crystals from the proceeding dissolution and subsequent transformation into a 

crystalline zeolite structure. These observations are in good agreement with the XRD results 

discussed above, where the zeolite crystallinity was detected after 2h. Comparing with the 

HSCZ-400-2 sample, the HSCZ-400-4 sample (Figure 2.1.16 d) shows an unambiguous opal 

structural morphology, which implies that the transformation of zeolite between the closed cages 

of the inverse opal structural template was not interrupted by the carbon wall. As the 

crystallization time increases, the HSCZ-400-6 sample (Figure 2.1.16 e) demonstrates more opal 

structural particles than the HSCZ-400-4 sample, which means that the transformation of the 

zeolite extends to a larger area in the inverse opal structural template.  
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Figure 2.1.16 (a) XRD patterns of HSCZ-400 series samples with different crystallization time. 

(b-e) corresponding SEM images of HSCZ-400 samples: HSCZ-400-0 (b), HSCZ-400-2 (c), 

HSCZ-400-4 (d), HSCZ-400-6 (e) 

Similar results can be observed using TEM. (Figure 2.1.17) The (S)TEM images and 

corresponding SEAD patterns reveal that the HSCZ-400-0 sample is amorphous, HSCZ-400-4 

and HSCZ-400-6 samples are single crystal particles. Notably, a few examples of the HSCZ-

400-2 sample are presented in Figure 2.1.17 (b-d). The large area SAED pattern (Figure 2.1.17 b) 

demonstrates that most nanoparticles are zeolite crystals, as verified by the SAED of an 

individual particle (Figure 2.1.17 c). However, the polycrystallinity of a large-area sample means 

that the nanoparticles are not completely aligned within the whole zeolite network. Moreover, a 

bridging joint between spherical zeolite particles is exhibited in Figure 2.1.17d. This observation 

suggests that the amorphous aluminosilicate precursor has gradually transformed into a zeolite 

matrix from the starting cages of the carbon template. Meanwhile the windows between the 

cages provide pathways to extend the zeolite matrix into bulk at micron scale, which insure that 

the whole zeolite bulk is single crystal. Further investigation on the crystallization and 

transformation process may be necessary. 
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Figure 2.1.17 (a-d) TEM images and corresponding SAED patterns (insets) of HSCZ-400 series 

samples: HSCZ-400-0 (a), HSCZ-400-2 with different areas (b-d), (e-f) HAADF-STEM images 

and corresponding SAED patterns (insets) of HSCZ-400 series samples: HSCZ-400-4 (e), HSCZ-

400-6 (f). 

1.3 Conclusions 

We have studied hierarchically structured zeolite catalysts using ZSM-5 as an example. A 

comprehensive investigation of microstructures, catalytic properties and the synthesis 

mechanism has been performed. Using a combination of SAED and HRTEM for beam-sensitive 

materials on hierarchical ZSM-5 particles, we have successfully demonstrated that the whole 

zeolite particle is one uniform highly crystalline ZSM-5 zeolite single crystal. Further studies 

using HAADF-STEM and 3D electron tomography have revealed that the hierarchical ZSM-5 

are formed by spherical zeolites following a close-packed FCC stacking into a highly ordered 

single crystal superstructure.  



67 

 

Comparing catalytic properties of the commercial bulk ZSM-5, nano-sized ZSM-5, and a series 

of as-synthesized hierarchical ZSM-5 samples with different components or sizes of pores, we 

have demonstrated that the high interconnectivity of the intracrystalline porous hierarchy could 

strongly promote the MTO reaction performances (lifetime and selectivity). Controlling pore 

sizes and components can further tune the catalytic performances. Simultaneously, we have 

analysed the crystallization process by electron microscopy, allowing us to unravel the synthetic 

mechanism. 

1.4 Experimental section 

1.4.1 Sample synthesis 

All samples used in this section were synthesized in Laboratory of Living Materials in Wuhan 

University of Technology, China. 

Hierarchically inverse opal structural carbon templates 

In situ self-assembly of colloidal polymer and silica spheres with sucrose as a carbon source is 

used to synthesize hierarchically ordered porous carbon with interconnected macropores and 

mesopores similar to the results of Zhang et al.
[35]

 The typical mass ratio of polymer, silica, 

sucrose, and sulfuric acid is 100:15:15:1.5. In a typical procedure, polystyrene spheres (As-

synthesized) are first blended with silica sol (Ludox AS-40 colloidal silica, 40 wt. % SiO2, 

particle size 22nm, pH=9.1, Aldrich) under magnetic stirring for 1 h to obtain nanocomposite 

colloidal and then with sucrose (ACS, aladin) at room temperature for 10 min, followed by the 

addition of sulfuric acid (95.0-98.0 wt. % in water, sinoreagent) under stirring for another 10 min 

to obtain a stable dispersion. The as-prepared dispersion is directly dried in an oven at 110°C for 

6 h, then at 160°C for 6 h, followed by heating to 700°C with a rate of 2°C /min under highly 

pure nitrogen flow (1 L/min), and kept at 700°C for another 4 h to decompose the polymer 

spheres and carbonize sucrose. The obtained carbon/silica composite was cooled in pure nitrogen 

and immersed in a 10 wt % hydrofluoric acid (40 wt. % in water, sinoreagent) aqueous solution 

to remove silica, followed by washing with deionized water and drying at 60°C to yield the 

hierarchically inverse opal structural carbon template. Furthermore, the size of the macropores in 
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templates can be tuned independently by choosing corresponding polystyrene spheres with a 

variable size (X= 200 nm, 400nm, 600nm). 

Hierarchically single crystal zeolite samples constructed by zeolite spheres of X nm with 

Si/Al=Y and Z h crystallization time (named as HSCZ-X(Y)-Z) 

Table 2.1.2 lists of samples with different structures and synthetic parameters 

Names Types 

Macropore 

diameters 

X (nm) 

Si/Al ratio 

Y (mol/mol) 

Composition of synthesis gel 

(mol/mol) 

Crystallization time 

Z (h) 

Bulk-ZSM5(23) Commercial - 23 - - 

Bulk-ZSM5(45) Commercial - 45 - - 

Nano-ZSM5(21) Commercial - 21 - - 

HSCZ-400(30) 

/HSCZ-400-10 
Synthesized 400 30 

9TPAOH/ 25SiO2/ 0.25Al2O3/ 

480H2O/ 100ethanol 
10 

HSCZ-400(50) Synthesized 400 50 
9TPAOH/ 25SiO2/ 0.125Al2O3/ 

480H2O/ 100ethanol 
10 

HSCZ-400(100) Synthesized 400 100 
9TPAOH/ 25SiO2/ 0.0625Al2O3/ 

480H2O/ 100ethanol 
10 

HSCZ-200(100) Synthesized 200 100 
9TPAOH/ 25SiO2/ 0.0625Al2O3/ 

480H2O/ 100ethanol 
10 

HSCZ-600(100) Synthesized 600 100 
9TPAOH/ 25SiO2/ 0.0625Al2O3/ 

480H2O/ 100ethanol 
10 

HSCZ-400-0 Synthesized 400 30 
9TPAOH/ 25SiO2/ 0.25Al2O3/ 

480H2O/ 100ethanol 
0 

HSCZ-400-2 Synthesized 400 30 
9TPAOH/ 25SiO2/ 0.25Al2O3/ 

480H2O/ 100ethanol 
2 

HSCZ-400-4 Synthesized 400 30 
9TPAOH/ 25SiO2/ 0.25Al2O3/ 

480H2O/ 100ethanol 
4 

HSCZ-400-6 Synthesized 400 30 
9TPAOH/ 25SiO2/ 0.25Al2O3/ 

480H2O/ 100ethanol 
6 

 

In a typical synthesis, carbon template (as synthesized, the macropore was X nm, Table 2.1.2) 

was mixed with a solution of tetrapropylammonium hydroxide (~50 wt.% in water, aladin), 

tetraethyl orthosilicate (99.99 % metal basis, aladin), aluminum isopropoxide (99.99 % metal 

basis, aladin), water and ethanol (sinoreagent). The composition of the impregnated synthesis gel 

was presented in Table 2.1.2. Following slow evaporation of ethanol and water from the carbon 



69 

 

tempalte at room temperature, the mixture was transferred to a Teflon-lined stainless-steel 

autoclave containing sufficient water to produce saturated steam at 180 °C for Z h. Thereafter, 

the samples were taken out of the autoclaves and washed by filtration. Finally, the product was 

dried at 60 °C and further calcined at 550 °C for 7 h to remove the carbon template. 

1.4.2 Electron microcopy characterization 

TEM and SAED 

TEM and SAED experiments were performed on a FEI Tecnai G2 microscope operated at 

200kV with a point resolution of 0.2nm.  

HRTEM 

The low-kV HRTEM experiments were performed on a FEI Titan 80-300 "cubed" microscope 

fitted with an aberration-corrector for imaging mode and the probe forming mode, operated at 

120 kV. Images were obtained using low intensity beam conditions (low magnification, low 

beam intensity and appropriate exposure times) to minimize the electron dose and possible beam 

damage of the zeolite framework. 

HAADF-STEM and Electron tomography 

Electron tomography and HAADF-STEM experiments were performed on a FEI Tecnai Osiris 

microscope equipped with a -70° to +70° tomography tilt stage and holder, operated at 200kV. 

Images for tomographic reconstruction were taken using a 2° interval, over the largest possible 

tilting range (preferably 140°). A reference image taken at 0° tilt was taken before and after 

image acquisition, to ensure that no changes to the sample structure were induced by beam 

damage during acquisition. Tomographic reconstruction was performed using the ASTRA 

Tomography Toolbox.
[32]

 HAADF-STEM images were taken with a nominal spot size of 0.5nm. 

The HAADF inner collection semi-angle was 22 mrad. 

SEM 

SEM was performed on a Hitachi S4800 with field-emission gun, operated at 5 kV and 10 μA. 
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1.4.3 Other characterizations 

XRD 

Powder samples were measured using a Bruker D8 Advance diffractometer with Cu Kα 

monochromatized radiation (λ =1.5418 Å). The samples were scanned in the range from 5° to 

60°, 2θ with a step size of 0.02°. 

N2 sorption 

Nitrogen adsorption/desorption isotherms were measured using a Micrometrics ASAP 2020 

volumetric adsorption analyzer. Samples were degassed at 250 °C under vacuum overnight prior 

to the measurement. The micropore surface area and mesopore surface area were estimated by 

the Dubinin-Astakhov method and BET method, respectively. The micropore and mesopore size 

distributions of solids were extracted from the desorption branch by the Horvath-Kawazoe 

method and from the desorption branch using the Barret-Joyner-Halenda (BJH) algorithm, 

respectively. 

1.4.4 Catalytic properties 

All the catalytic properties in this section are performed in Shanghai Research Institute of 

Petrochemical Technology in Sinopec, China. 

Before the catalytic evaluation, all samples were converted into H form. As a typical run, the 

sample was ion-exchanged with 0.6 M NH4NO3 at 80°C for 3h, followed by calcination at 

550 °C for 6 h. This procedure was repeated three times. 

The methanol-to-olefins (MTO) reaction was performed in a stainless micro-catalytic-reactor. 

The sample (0.19g diluted with 1.81 g quartz sand into a well-distributed mixture) was preheated 

at 500°C for 1 h under N2 flow (50 ml/min) beforehand. After settling the temperature at 480°C, 

methanol was uniformly pumped into a preheated device (180°C) to transform into vapor phase 

and then mixed with N2 flow (90ml/min) into a homogeneous phase. The weight hourly space 

velocity (WHSV) of methanol feedstock was settled at 3.6 h
-1

. The products were collected (time 

interval was 0.6
-1

 hour) and analyzed by an on-line gas chromatograph (Agilent 6820) equipped 

with a flame ionization detector. 
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2. Bimetallic nanoparticles within porous 

structured materials 

2.1 Introduction 

Metallic nanoparticles, with a size between 1nm and 100nm, attract wide attention in a number 

of fields as one of the most important branches in nanomaterials science. This is related to the 

intense surface effect and quantum effect, which results in a significantly difference with the 

bulk metal materials in optics, mechanics, electricity, magnetics, and chemistry. 

2.1.1 Bimetallic nanoparticles 

Bimetallic nanoparticles, often showing electronic and chemical properties that are distinct from 

those of their parent metals, offer the opportunity to obtain new catalysts with enhanced 

selectivity, activity, and stability.  

Platinum (Pt)-based bimetallic nanoparticles 

Platinum (Pt)-based nanostructures have been the most effective materials applied in 

electrocatalysis, such as proton-exchange membrane fuel cells.
[36-37]

 However, many critical 

issues have to be addressed to realize the promise of their practical application, such as low cost, 

fast kinetics, high stability and durability.
[38-39]

 One of the techniques to improve the activity of 

cathode electrocatalysts and to reduce the content of Pt is the partial introduction of a secondary 

metal to alloy bimetallic Pt-based metals, e.g., Pt-Pd, Pt-Au or Pt-Ag.
[40-42]

 Bimetallic 

nanostructured Pt-based metals do not only present the physicochemical properties of Pt, but also 

usually show a superior performance compared with pure Pt counterparts.
[43-44]

 Significant 

progress has been subsequently made in the morphological and structural control of highly active 

facets and fabrication of branched structures.
[45-46]

 The catalytic activity of bimetallic Pt-based 

nanoparticles can be greatly enhanced by maximizing the presence of active facets and/or sites 

towards a specific reaction. 
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2.1.2 Nanoparticles-core@mesopores-shell 

To further improve the stability, durability and utilization efficiency of metals, various types of 

hierarchical nano-architectures, especially nano-porous structure, have been employed as catalyst 

support.
[47-48]

 Like most core@shell structures, due to the encapsulation of shell materials, the 

properties of the core materials have a huge improvement on stability and dispersibility. 

Nanoparticles-core@mesopores-shell, a perfect nanoencapsulation structure, provides a large 

surface area which could facilitate the mass diffusion to improve the utilization efficiency of 

metals; its pores partly prevent the aggregation and leaching of the metallic nanoparticles to 

enhance the stability and durability. Such an idea is elegant, although synthesis procedures are 

relatively complex and not easy to upgrade. In this section, we will present Pt-Pd bimetallic 

nanoparticles@mesopores shell structures and investigate the synthesis mechanism through TEM 

techniques. 

2.1.3 Electrocatalyst  

One of most popular applications of Pt-based nanoparticles is electrocatalysis which converts 

chemical energy of fuel and oxidant into electric energy. Among these electrocatalysis 

applications, a proton exchange membrane fuel cell (PEMFC) has been developed for use in 

vehicles, portable electronics, and combined heat and power systems due to its simplicity, low 

working temperature, high power density, and quick start-up. At the anode of a PEMFC, 

hydrogen is oxidized to produce electrons and protons that are transferred to the cathode through 

an external circuit and the proton exchange membrane, respectively (H2 → 2H
+
+2e

-
). At the 

cathode, oxygen is reduced by reaction with protons and electrons to produce water 

(1/2O2+2H
+
+2e

-
 → H2O). Both the anode and the cathode electrodes consist of highly dispersed 

Pt-based nanoparticles on carbon black to promote the reaction rates of the hydrogen oxidation 

reaction (HOR) and the oxygen reduction reaction (ORR). Because the reaction rate of HOR on 

Pt is extremely fast, the Pt loading at the anode can be reduced to less than 0.05 mg/cm
2
. 

However, at the cathode, the sluggish reaction kinetics of ORR even on the best Pt-based catalyst 

requires much higher Pt loading (around 0.4 mg/cm
2
) to achieve a satisfied fuel cell 

performance.
[49]

 Unfortunately, Pt is a rare and expensive metal on our earth. Therefore, reducing 
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its loading or increasing its efficiency is an important and desired research effort, which includes 

advanced Pt alloys, core-shell structures, transition metal oxides and chalcogenides, and so on. 

2.1.4 Motivation and experimental setup 

Motivation 

According to the above, it is very necessary to synthesize uniform Pt-based bimetallic 

nanoparticles highly monodispersed in nanostructure for maximizing the activity of a Pt-based 

catalyst. It means that each nanoparticle is uniformly dispersed inside each core@shell structure, 

which efficiently prevents aggregation of the nanoparticles. These nanocatalysts not only show 

high catalytic activity, but also feature high thermal-stability and durability. Therefore, 

mesocellular foam with ultra-large mesoporous cells connected by meso-windows, having high 

thermal and hydrothermal stability, is a perfect template and support for the synthesis and 

encapsulation of nanoparticles. Ideally, only one particle should be uniformly dispersed inside 

one pore cell, which can minimize the aggregation of the nanoparticles and maximize the activity 

of the nanocatalysts.  

The ideal result would be highly monodispersed Pt-Pd bimetallic nanoparticles inside the pores 

of a mesocellular foam (MCF) by impregnating reaction precursor into the porous framework. 

The nature of the Pt-Pd bimetallic nanoparticles and the structure of one particle@one cell will 

be evidenced using different electron microscopy techniques. Interestingly, this sample shows a 

significantly superior electrocatalytic activity and higher durability compared with the 

commercial Pt/C catalyst.  

However, it seems impossible to use traditional low-viscosity solvents (such as water,
[50]

 

alcohol,
[51]

 and ethylene glycol
[52]

) as carriers, because the random motion of the forming 

nanoclusters in low-viscosity solution, like Brownian motion,
[53]

 would result in a partial 

aggregation of the nanoparticles or an assembly in one cell. It is known that such motion can be 

adjusted by altering the viscosity of the solvents. This phenomenon might be used to precisely 

control the growth of nanometals inside nanopores, nanocavities and nanochannels. Hence, 

highly dispersed Pt-Pd bimetallic nanoparticles in mesostructured materials with different pore 

structures (2D and 3D) are synthesized by a viscosity-adjusting method, and investigated by 
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electron microscopy which is helpful to understand the formation mechanism and viscosity effect 

in this synthetic approach. 

Experimental setup 

Firstly, characterization techniques including SEM, XRD, and N2 sorption are used to 

demonstrate the crystallinity of bimetallic nanoparticles and the morphology of MCF materials. 

Secondly, TEM characterization is carried out to reveal the structure of the materials. For this 

kind of hybrid material, the z-contrast HAADF-STEM is the more suitable technique. 

Meanwhile, due to the small size of Pt-Pd bimetallic particles, the high sensitive and efficient 

Brucker Super-X EDX system will be used to map the composition of the nanoparticles. Thirdly, 

to study the viscosity-adjusting mechanism, the experimental procedure is applied onto a series 

of samples synthesized through different viscosity solvents and different porous materials. These 

results could completely reveal the viscosity effect in this method, and we believe this method 

can potentially be extended to the design and preparation of highly dispersed heterogeneous 

catalysts. 

2.2 Results and discussion 

The names of all series samples are list in table 2.2.1 

Table 2.2.1 list of samples 

Names 
Nanoparticles 

components 

Mesopores 

components 
Mesopores shape 

Pore size 

(nm) 
Solvent 

PtPd@MCF PtPd SiO2 
3D mesoporous 

structure 
25 1,4-butanediol 

PtPd@MCF-C PtPd Carbon 
3D mesoporous 

structure 
25 1,4-butanediol 

PtPd/C PtPd Carbon ̶ ̶ ̶ 

Pt/C Pt Carbon ̶ ̶ ̶ 

PtPd/SBA-15 PtPd SiO2 
2D mesoporous 

structure 
11 1,4-butanediol 

PtPd/SBA-15(EG) PtPd SiO2 
2D mesoporous 

structure 
11 ethylene glycol 

PtPd/SBA-15(W) PtPd SiO2 
2D mesoporous 

structure 
11 water 
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PtPd/SBA-15(MEG) PtPd SiO2 
2D mesoporous 

structure 
11 1,2-propanediol 

PtPd/SBA-15(PEG) PtPd SiO2 
2D mesoporous 

structure 
11 1,5-pentadiol 

PtPd/MCF(EG) PtPd SiO2 
3D mesoporous 

structure 
25 ethylene glycol 

PtPd/MCF(W) PtPd SiO2 
3D mesoporous 

structure 
25 water 

 

2.2.1 Morphology and structure 

The surface morphology and the detailed nanostructure of PtPd@MCF are illustrated by SEM, 

TEM, and HAADF-STEM images (Figure 2.2.1). As shown in Figure 2.2.1c, a large number of 

nanoparticles are highly monodispersed in the cells of MCF. Figure 2.2.1d clearly shows that one 

particle is in one cell of MCF. The HAADF-STEM (Figure 2.2.1e and f) and SEM images 

(Figure 2.2.1a) show that the sample consists of uniformly sized, large spherical cells with a 

diameter of around 25nm, and the cells are interconnected by uniform windows to create a 

continuous 3D pore system, which is in good agreement with the original MCF (Figure 2.2.1b). 

This reveals that the characteristic 3D mesocellular arrangement of the MCF framework could be 

retained after the incorporation of the Pt-Pd nanoparticles. The well-dispersed nanoparticles are 

observed in the 3D interconnected porous structure. It is also notable that only one nanoparticle 

is encaged in one cell structure. 
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Figure 2.2.1 (a, b) SEM images of PtPd@MCF sample (a) and pure MCF sample (b), (b, c) 

TEM images of PtPd@MCF sample at low magnification and high magnification, respectively. 

(d, e) HAADF-STEM images of PtPd@MCF sample at low magnification and high 

magnification, respectively. 
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Figure 2.2.2 shows the elemental mapping of one particle in the cell of MCF measured by 

HAADF-STEM-EDX. The results clearly demonstrate that the particle is a Pt-Pd bimetallic 

nanoparticle, where Pt and Pd are randomly distributed throughout the whole nanoparticle. A 

high magnification HAADF-STEM image of a single particle further confirms the Pt-Pd 

nanoparticle has a nanoalloying intermetallic structure with a good crystalline degree, but no 

atomic scale ordering between Pt and Pd (Figure 2.2.3). Meanwhile, the quantification results by 

EDX show that the molar ratio between Pt and Pd is about 1:1, which is in good agreement with 

the Pt/Pd atomic ratio in the initial reaction mixture. This implies that all the Pt and Pd 

precursors are reduced in the reaction. These results suggest that the highly dispersed Pt-Pd alloy 

nanocrystals can grow up inside the cells of the MCF. Very interestingly, most nanoparticles are 

individually encaged within a single cell. This one particle@one cell structure is a unique 

phenomenon that can prevent nanoparticles from aggregation and improve the utilization 

efficiency in practical applications. 

 

Figure 2.2.2 (a) High magnification HAADF-STEM image of the PtPd@MCF sample. (b) 

Detailed EDX spectrum of the area indicated in (a). (c-f) EDX elemental mapping results: (c) Pt 

(red), (d) Pd (green), (e) Si (blue), (f) Pt, Pd and Si overlaid color mapping. 
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Figure 2.2.3 (a) High resolution HAADF-STEM image of one nanoparticle. (b) Detailed EDX 

spectrum of (a). EDX elemental mapping results: (c) Pt (red), (d) Pd (green), (e) Pt and Pd 

overlaid color mapping. 

The XRD patterns of the MCF and PtPd@MCF samples are shown in Figure 2.2.4. In case of the 

PtPd@MCF sample, the four observed peaks can be assigned to (111), (200), (220) and (311) 

planes of the Pt-Pd bimetal nanoparticles, and the broad peaks are due to the reduction in particle 

size of the bimetallic nanoparticles. The diffraction peaks of the PtPd@MCF sample are slightly 

shifted to higher 2 theta values with respect to the corresponding peak of Pt (JCPDS no. 04-

0802), which is caused by the incorporation of Pd in the fcc structure.
[54]

 Meanwhile, the N2 

adsorption-desorption isotherms and pore size distribution of MCF and PtPd@MCF exhibit a 

type IV characteristic and steep hysteresis of type H1 at high relative pressures, which is typical 

for mesoporous materials possessing large pore sizes with narrow size distributions. The 

PtPd@MCF sample shows a high surface area (578 m
2
g

-1
) and a large pore volume (2.22 cm

3
g

-1
), 
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which shows a slight decrease compared to the pure MCF sample (surface area 665 m
2
g

-1
, pore 

volume 2.39 cm
3
g

-1
). This result suggests that Pt-Pd nanoparticles have been immobilized inside 

the MCF pores, and do not block the channels. 

 

Figure 2.2.4 (a) XRD patterns of MCF (A) and PtPd@MCF (B). Bars show the calculated 

values for Pt (JCPDS no. 04-0802), (b) N2 adsorption-desorption isotherms and pore 

distribution (inset) of MCF (A) and PtPd@MCF (B). 

2.2.2 Catalytic properties and stabilities 

Due to their unique one particle@one cell structure, the as-synthesized sample is expected to 

exhibit high catalytic performance, especially for electrocatalytic applications. We evaluated the 

electrocatalytic properties of the Pt-Pd nanoparticles encapsulated in electroconductive 

mesocellualr carbon foam (named as PtPd@MCF-C) against Pt-Pd nanoparticles supported on 

Vulcan XC-72 carbon (named as PtPd/C) and the commercial Pt/C catalyst. 

As show in Figure 2.2.5a, the PtPd@MCF-C and PtPd/C samples show a higher catalytic activity 

in ORR comparing to the commercial Pt/C, proving the advantage of alloying for electrocatalytic 

catalysis. Meanwhile, the PtPd@MCF-C sample exhibits a mass (the mass of catalyst were 

measured by inductively coupled plasma-atomic emission spectrometry (ICP-AES)) activity of 

0.443 A/mg on the basis of the mass of Pt at 0.9V versus RHE (reversible hydrogen electrode), 

which is about 4.4 times larger than that of the Pt/C catalyst. The specific activities (i.e. kinetic 
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current per unit area of catalyst, electrochemically active surface area (ECSA)) of the two 

catalysts also showed similar trends to that of the mass activities (Figure 2.2.5b). The 

PtPd@MCF-C sample (0.611 mA/cm
2
) has a specific activity of about 4.0 times that of the Pt/C 

catalyst. Notably, the PtPd@MCF-C shows the desired structural superiority in electrocatalysis. 

For example, the mass activity of PtPd@MCF-C is 0.443 A/mg, while the mass activity of 

PtPd/C is 0.283 A/mg. The enhanced electrocatalytic activity of the PtPd@MCF-C sample 

should be ascribed to the nano-alloying effect, 3D nano-architecture and the high desperation of 

the nanoparticles in this unique immobilization structure. 

We also performed accelerated durability tests (ADTs) by applying linear potential sweeps 

between 0.6 and 1.1 V (vs RHE) at 50 mV/s in O2-saturated 0.1 M HClO4 solutions at room 

temperature. As shown in Figure 2.2.5 below, the PtPd@MCF-C sample and commercial Pt/C 

catalyst show losses of 15.9% and 30.3% in ECSA after 2000 potential cycles, respectively. 

After 5000 cycles, the cyclic voltammetry (CV) measurements show a loss of 29.5% in ECSA 

for the PtPd@MCF-C sample and 48.4% for the commercial Pt/C catalyst, revealing that the 

durability of the PtPd@MCF-C sample is also better than that of the commercial Pt/C catalyst. 

The high durability and stability of the Pt-Pd nanoparticles in MCF-C can be reasonably 

attributed to its unique structure, which is evidenced by TEM studies (Figure 2.2.5 c-f). The 

TEM image of the PtPd@MCF-C sample (Figure 2.2.5 c) shows that nanoparticles are highly 

monodispersed in the cells of MCF-C, which is very similar to the results of PtPd@MCF. The 

TEM image of the commercial Pt/C catalyst (Figure 2.2.5 d) shows that Pt nanoparticles are 

highly monodispersed in the active carbon matrix. After 5000 potential cycles, the dispersion and 

the size of the Pt-Pd nanoparticles in MCF-C show no obvious change (Figure 2.2.5 e), while 

severe aggregation was observed for the commercial Pt/C catalyst (Figure 2.2.5 f). 

In summary, we have demonstrated the great superiority of the “one particle@one cell” structure, 

and pointed towards a direct reason of the high durability of the PtPd@MCF-C sample. Two 

important features of the PtPd@MCF-C sample contribute to the improved catalytic activity and 

durability: (1) 3D mesostructured supported materials not only provide a high surface area, but 

also make the Pt-Pd nanoparticles less vulnerable to dissolution and aggregation during the 

growth and reaction; (2) the high dispersion of Pt-Pd nanoparticles, especially each nanoparticle 

inside its own cell, not only prevents the aggregation of nanoparticles and improves the 
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utilization efficiency of nanometals, but also maximizes the exposure of active facets and/or sites 

of the Pt-Pd nanoparticles. 

 

Figure 2.2.5 Upper, mass activity (a) and specific activity (b) at 0.9V versus RHE for 

PtPd@MCF-C, PtPd/C and Pt catalysts. Below, loss of ECSA of the PtPd@MCF-C sample (red 

left column) and the Pt/C sample (black right column) after potential sweep cycles. Inset: TEM 

images of PtPd@MCF-C (c, e) and Pt/C catalyst (d, f) before and after 5000 potential sweeps 

cycles between 0.6 and 1.1V at 50mV/s in O2-saturated 0.1 M HClO4 solutions at room 

temperature. All scale bars in the TEM images are 20nm. 
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2.2.3 Synthesis mechanism 

The overall synthesis procedure employed for the preparation of PtPd@MCF composites with 

one particle@one cell structure is illustrated in Figure 2.2.6. Briefly, mixing and impregnation 

are performed with a defined amount of reaction precursor per MCF exo-template, and the 

precursors enter into the MCF channels by capillary interaction. During the thermal treatment, 

the reaction precursor is converted into metal nanoclusters in the MCF. When the reaction 

solvent of the appropriate high-viscosity is used, highly uniform Pt-Pd bimetallic nanoparticles 

inside the MCF are formed. After washing, filtering and drying, PtPd@MCF with one 

particle@one cell structure is obtained.  

To better understand the formation mechanism of the highly dispersed Pt-Pd nanoparticles in 

mesoporous supports, the effect of viscosity of the solvent in our reaction system has been 

investigated in detail. The bottow part of Figure 2.2.6 schematically shows the proposed 

formation mechanism of the nanometals synthesized in a high viscosity solvent (Figure 2.2.6A) 

and a low viscosity solvent (Figure 2.2.6B). The starting precursors, mixed with a high viscosity 

solvent, are harder to impregnate into the mesochannels due to the weak capillary interaction 

(Figure 2.2.6Aa). After sonication, the precursor can infiltrate the mesochannels (Figure 2.2.6Ab) 

and form nanoclusters by reduction (Figure 2.2.6Ac). Then the nanoclusters grow in a relatively 

confined space because of the low exchange between inside and outside precursors. Furthermore, 

the mobility of the nanoclusters also decreases in a high viscosity solvent due to the weak 

Brownian motion (Figure 2.2.6Ad). This might be a major reason why the metal nanocrystals 

individually grow and why aggregation does not occur. In contrast, the starting precursors in a 

low viscosity solvent can diffuse easily and fast into the mesochannels (Figure 2.2.6Ba and Bb). 

At the same time, the internal-external exchange of precursors is facile and the random motion of 

nanoclusters is relatively fast, which means that the nanoclusters would easily aggregate (Figure 

2.2.6Bc and Bd). 
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Figure 2.2.6 Upper, Schematic representation of the preparation of a PtPd@MCF sample. 

Below, Schematic illustration of the proposed formation mechanism of nanometals synthesized in 

(A) high viscosity solvent and (B) low viscosity solvent: Diffusion amounts and rates of metal 

precursors in different viscosity solvents (Aa and Ba); Full impregnation of the reaction solution 
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after sonication (Ab and Bb); Forming of metal nanoclusters after heating (Ac and Bc); growth, 

dispersion (Ad) and aggregation (Bd) of nanocrystals and corresponding TEM images of 

PtPd/SBA-15 (Ae and Be). Arrows indicate directions and rates of mass exchange. 

In this synthesis, the viscosity of the reaction solvent is the most basic and common synthesis 

factor, which plays an important role in the synthesis and dispersion of the nanocrystals. Hence, 

some solvents with different viscosity and different pore structure have been used in this 

synthesis to investigate the viscosity effect. (Table 2.2.1) 

As we presented above for the PtPd@MCF sample, the Pt-Pd bimetallic nanocrystals could be 

highly dispersed in the MCF with a 3D mesoporous structure and show high crystallinity by 

using a high viscosity solvent (1,4-butanediol). For comparison, the aggregates of small, primary 

metal nanocrystals supported by MCF formed in a low viscosity solvent of ethylene glycol or 

water are also shown (Figure 2.2.7).  

 

Figure 2.2.7 Representative TEM images of PtPd/MCF synthesized in different solvent: (a) 

ethylene glycol PtPd/MCF(EG) and (b) water PtPd/MCF(W). 

Further, SBA-15 with a 2D mesoporous structure was used to support the Pt-Pd bimetallic 

nanocrystals by using a high viscosity solvent (1,4-butanediol). TEM images of PtPd/SBA-15 are 

shown in Figure 2.2.8 a. Nanocrystals with a uniform size of around 5 nm are highly dispersed 

over a large area of the SBA-15 support. A HRTEM image taken from a single nanocrystal 
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shows well-defined fringes (Figure 2.2.8 inset), indicating the crystalline nature of the Pt-Pd 

nanocrystals. The lattice spacing of 0.19 nm is as expected for the (200) planes of the face 

centered cubic (fcc) Pt-Pd alloy. Figure 2.2.8 b-f show HAADF-STEM images of an individual 

nanocrystal in the pore of SBA-15 and the corresponding EDX maps. Pt and Pd elements are 

homogeneously distributed throughout the entire nanocrystal, as expected for a Pt-Pd bimetallic 

nanocrystal with intermetallic nanostructure. 

 

Figure 2.2.8 (a) TEM image and (b) high magnification HAADF-STEM image of PtPd/SBA-15; 

(c–f) corresponding EDX elemental mapping results: (c) Pt, (d) Pd, (e) Pt and Pd, and (f) Pt, Pd 

and Si overlaid color mapping. 

TEM results further reveal the difference between the PtPd/SBA-15 composites synthesized in a 

high viscosity solvent (1,4-butanediol, named as PtPd/SBA-15, Figure 2.2.6Ae, and Figure 

2.2.9a) and a low viscosity solvent (ethylene glycol, named as PtPd/SBA-15(EG), Figure 2.2.6Be 
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and Figure 2.2.9b) under otherwise similar synthesis conditions. It is evident that the 

nanocrystals synthesized in a high viscosity solvent are dispersed uniformly, while aggregation 

takes place when using a low viscosity solvent. Further evidence is provided by the synthesis of 

nanometals using an even lower viscosity solvent (water, named as PtPd/SBA-15(W), Figure 

2.2.9c and d). Even at room-temperature, metal aggregates with a bigger size of around 25 nm 

are formed in aqueous solution, in comparison with synthesis systems of ethylene glycol and 1,4-

butanediol. Moreover, when 1,4-butanediol is substituted with other high-viscosity solvents of 

1,2-propanediol (named as PtPd/SBA-15(MEG), Figure 2.2.9e) and 1,5-pentadiol (named as 

PtPd/SBA-15(PEG), Figure 2.2.9f), the reactions also yield uniform nanocrystals with high 

dispersion. According to above, it is critical to decrease the mobility of the formed nanoclusters, 

especially during the growth stage of the nanoclusters. In other words, a high viscosity solvent is 

the preferred choice, which can efficiently decrease the Brownian motion of the nanoclusters and 

nanocrystals. 

At first glance, a high-viscosity solvent does not seem to be a good candidate, because of the 

weak capillary interaction, low ion-exchange efficiency and hard precursor impregnation. 

Therefore low-viscosity solvents, especially easy-volatile solvents such as water and alcohol, are 

often chosen as carriers of the metal precursor into the mesochannels because of their fast 

diffusion and easy removal. However this method also easily results in the formation of 

aggregates or assemblies of metal nanocrystals because of the fast random motion of metal 

nanoclusters in mesoporous supports. Actually, short-time sonication can easily cover the 

problem of precursor impregnation, and lead to a homogeneous distribution of the precursor in 

the mesostructure. Therefore, a high viscosity solvent could be a more intelligent and desired 

option to obtain highly dispersed nanometals. 
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Figure 2.2.9 (a-f) Representative TEM images of PtPd/SBA-15 samples synthesized in (a) 1,4-

butanediol, PtPd/SBA-15, (b) ethylene glycol, PtPd/SBA-15(EG), (c,d) water, PtPd/SBA-15(W), 

(e) 1,2-propanediol, PtPd/SBA-15(MEG) and (f) 1,5-pentadiol, PtPd/SBA-15(PEG). 
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2.3 Conclusions 

We have studied bimetallic nanoparticles within porous structured materials using Pt-Pd 

nanoparticles within mesopores as an example. A comprehensive investigation of 

microstructures, electrocatalytic properties and the synthesis mechanism has been carried out. 

Using a combination of TEM and HAADF-STEM with EDX on PtPd@MCF materials, we have 

successfully demonstrated that Pt-Pd nanoparticles can be immobilized inside the MCF pores as 

one particle@one cell structure.  

Comparing the electrocatalytic properties of the commercial Pt/C sample, the PtPd/C sample, 

and the PtPd@MCF-C sample, we have demonstrated the superior electrocatalytic properties and 

high durability of the “one particle@one cell” structure; these are attributed to a nano-alloying 

effect, a 3D nano-architecture and a high dispersion of the nanoparticles in a unique 

immobilization structure. Simultaneously, we have shown the viscosity effect in this synthetic 

approach by electron microscopy, which suggests that the high viscosity solvent method can be 

extended to the synthesis of highly dispersed nanometals in/on all types of nanoporous materials. 

2.4 Experimental section 

2.4.1 Samples synthesis 

All samples used in this section were synthesized in Laboratory of Living Materials in Wuhan 

University of Technology, China. 

Mesocellular silica foam (MCF) was synthesized according to the published literature
[55]

 and the 

mass ratio of Pluronic P123/HCl/1,3,5-trimethylbenzene/TEOS/H2O is 1/2.2/0.75/2.2/37.5. 

Mesocellular carbon foam (MCF-C) was synthesized according to the published literature
[56]

. 

Mesocellular aluminosilicate foam (AlMCF) was first synthesized, with the molar ratio of 

MCF/AlCl3/H2O as1/0.34/10. Then MCF-C was synthesized by using furfuryl alcohol as a 

carbon source, with the mass ratio of AlMCF/furfuryl alcohol as 1/2.25. In a typical synthesis of 

PtPd@MCF, 0.05 mmol Pt(acac)2 (acac=acetylacetonate), 0.05 mmol Pd(acac)2 and 1 mmol 

polyvinylpyrrolidone were added to 20ml of 1,4-butanediol at room temperature under stirring. 

Then the solution was heated to 50 °C and 0.2g MCF-Si was added to the solution. After stirring 



89 

 

at 50 °C for 12h, the mixture was heated to 215 °C under nitrogen atmosphere. After stirring at 

215 °C (±2 °C) for 0.5h, the mixture was cooled to room temperature in air and an excess of 

acetone was poured into the solution to form a suspension. After being filtered, washed, and 

dried, the final PtPd@MCF sample was obtained. PtPd@MCF-C and PtPd/C samples were 

synthesized under the same conditions, except that MCF was substituted by MCF-C and Vulcan 

XC-72 carbon, respectively. PtPd/MCF(EG) and PtPd/MCF(W) samples were synthesized under 

the same conditions, except that 1,4-butanediol was substituted by ethylene glycol (EG) and 

water (W). The series of PtPd/SBA-15 samples were synthesized under the same conditions, 

except that MCF was substituted by SBA-15
[12]

. 

2.4.2 Electron microcopy characterizations 

TEM and HRTEM 

TEM and HRTEM experiments were performed on a FEI Tecnai G2 microscope operated at 

200kV with a point resolution of 0.2nm. 

HAADF-TEM and EDX  

HAADF-TEM and EDX were carried out on a FEI Titan 60-300 “cubed” microscope fitted with 

an aberration-corrector for the probe forming lens, and a Brucker Super-X EDX system, operated 

at 200kV. The highly efficient Brucker Super-X EDX system has four Brucker QuantaX EDS 

dectecors with a collection solid angle close to 1 Sr. 

SEM 

SEM was performed on a Hitachi S4800 with a field-emission gun, operated at 10 kV and 10 μA. 

2.4.3 Other characterizations 

XRD 

Powder samples were measured using a Bruker D8 Advance diffractometer with Cu Kα 

monochromatized radiation (λ =1.5418 Å). The samples were scanned in the range from 15° to 

45°, 2θ with a step size of 0.02°. 
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N2 sorption 

Nitrogen adsorption/desorption isotherms were measured using a Micrometrics ASAP 2020 

volumetric adsorption analyzer. Samples were degassed at 250 °C under vacuum overnight prior 

to the measurement. The surface area was estimated by the BET method. The size distribution 

was extracted from the desorption branch using the Barret-Joyner-Halenda (BJH) algorithm. 

2.4.4 Catalytic properties 

All the catalytic properties in this section are performed in State Key Laboratory Advanced 

Technology for Materials Synthesis and Processing in Wuhan University of Technology, China. 

Cyclic voltammetry (CV) and oxygen reduction reaction (ORR) were carried out with a three-

electrode system. A saturated calomel electrode was used as a reference electrode and a platinum 

wire was used as a counter electrode. The loading amount of metal for the catalysts was 3 μg (i.e., 

15.3 μg/cm
2
 based on the geometric electrode area of 0.196 cm

2
). To measure the 

electrochemically active surface area (ECSA) of catalysts, CV measurements were carried out in 

0.1 M HClO4 solutions under a flow of N2 at a sweep rate of 50 mV/s. The ORR measurements 

were performed in 0.1 M HClO4 solutions under flow of O2 using the glassy carbon rotating disk 

electrode (RDE) at a rotation rate of 1600 rpm and a sweep rate of 10mV/s. The accelerated 

durability tests were performed at room temperature in O2-saturated 0.1 M HClO4 solution by 

applying cyclic potential sweeps between 0.6 and 1.1 V versus RHE at a sweep rate of 50 mV/s 

for a given number of cycles. 
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Titanium was discovered in Cornwall, Great Britain, by William Gregor in 1791, and named by 

Martin Heinrich Klaproth after the Titans of Greek mythology. The element occurs in a large 

amount of mineral deposits, principally rutile and ilmenite, which are widely distributed in the 

earth crust and lithosphere. Also, Titanium is found in almost all living and non-living species; 

rocks, water bodies, and soils. As the most common compound, titanium dioxide has been used 

as white pigments from ancient times, because it is inexpensive, chemically stable and harmless, 

and has no absorption in the visible region. It is equivocal when and who first started utilizing 

the photochemical power of TiO2 to induce chemical reactions actively; however now, it is one 

of the most popular photocatalysts in the world. This chapter deals with TiO2-based 

nanomaterials with special nanostructures, i.e. an inverse opal structure and a core@shell 

structure. 
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1. Introduction 

1.1 Development of TiO2 photocatalysis  

1.1.1 TiO2 photocatalysis after the Honda-Fujishima effect 

In the 1960s, A. Fujishima and K. Honda began to investigate the photoelectrolysis of water, 

using a single crystal n-type TiO2 (rutile) semiconductor electrode, because it has a sufficiently 

positive valence band edge to oxidize water to oxygen, but also it is an extremely stable material 

even in the presence of an aqueous electrolyte solutions. The whole system, published on Nature 

journal in 1972,
[1]

 consisted of a platinum black counter electrode and an n-type TiO2 electrode 

exposed to near-UV light. When the surface of the TiO2 (rutile) electrode was irradiated with 

light consisting of wavelengths shorter than its band gap, about 415 nm (3.0 eV), photocurrent 

flowed from the platinum counter electrode to the TiO2 electrode through the external circuit. 

The direction of the current demonstrates that the oxidation reaction occurs at the TiO2 electrode 

and the reduction reaction occurs at the Pt electrode. This phenomenon shows that water can be 

decomposed into oxygen and hydrogen, using UV light, without the application of an external 

voltage. The reaction can be described as follows: TiO2 + hν → e
-
+h

+
 (at the TiO2 electrode), 

2H2O + 4h
+
 → O2 + 4H

+
 (at the TiO2 electrode), 2H

+
 + 2e

-
 → H2 (at the Pt electrode), 2H2O + 

4hν → O2+2H2 (the overall reaction).
[2]

  

1.1.2 Photocatalytic water-splitting of powdered TiO2 

After this effect has been discovered, the scientific interest in TiO2 photocatalysis has grown 

significantly. In 1980, T. Kawai and T. Sakata added organic compounds to the aqueous 

suspension of platinized TiO2 to solve the problem that water photolysis could not proceed in the 

power system, although it could in electrode one.
[3]

 In this case, the H2 production proceeds 

surprisingly efficiently, with a quantum yield of more than 50% in the presence organic 

compounds, including ethanol, biomass-derived compounds and even waste organisms. 

Therefore, TiO2 photocatalysis drew the attention of many scientists as one of the promising 

methods for hydrogen production.
[4]

 However, even though the reaction efficiency is very high, 

TiO2 can absorb only the UV light contained in a solar spectrum, which is only about 4%. Hence, 
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various other semiconductors with a small band gap, such as CdS and CdSe, were investigated, 

but their efficiency and stability were much lower than those of TiO2. 

1.1.3 Photodegradation of TiO2 

Meanwhile, the research also focused on the utilization of the strong photoproduced oxidation 

power of TiO2 for the destruction of pollutants. Frank and Bard first described the decomposition 

of cyanide in the presence of aqueous TiO2 suspensions.
[5]

 After that, detoxications of various 

harmful compounds in both water and air were demonstrated using powdered TiO2 actively as 

potential purification methods of waste water and polluted air.
[6-7]

 In this case, both the reduction 

and oxidation sites are located on the TiO2 surface, and the reduction of absorbed oxygen 

molecules proceeds on the TiO2 surface, so that the platinization of TiO2 was not necessary. The 

holes (h
+
) generated in TiO2 are highly oxidizing, and most compounds are essentially oxidized 

completely. 

1.2 Enhancement of TiO2 photocatalysis 

Having strong catalytic activity, high chemical stability and long lifetime of electron/hole pairs, 

TiO2 is the most widely used photocatalyst. However, the energy conversion efficiency from 

solar to hydrogen by TiO2 photocatalytic water-splitting is still low, mainly due to the following 

reasons:  

(1) Recombination of photogenerated electron/hole pairs: conduction band (CB) electrons can 

recombine with valence band (VB) holes very quickly and release energy as heat or photons;  

(2) Backward reaction (recombination of hydrogen and oxygen into water): decomposition of 

water into hydrogen and oxygen is an energy increasing process, which means the backward 

reaction easily proceeds;  

(3) Inability to utilize visible light: the band gap of TiO2 is about 3.2 eV and only UV light (4% 

of the solar radiation energy) can be utilized for hydrogen production, which limits the efficiency 

of solar photocatalytic hydrogen production.  

In order to solve the above listed problems and make solar photocatalytic hydrogen production 

feasible, continuous strategies have been made to promote the photocatalytic activity and 
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enhance the visible light response. Two efficient strategies are introduced in the following 

sections. 

1.2.1 Nanostructured materials 

After the nano-effect of materials has been revealed, a large amount of nanostructures of TiO2 

have been synthesized, such as nanoparticles, nanotubes, nanosheets, core@shell nanostructures, 

porous nanostructures and so on.
[8-11]

 These nanostructures always exhibit superior 

photocatalytic properties than bulk and conventional TiO2 materials, due to a much higher 

specific surface area, more exposure of active crystal facets and active sites, sufficient contact 

between catalysts and reactants, shorter transmission path of the photogenerated electrons and 

holes, and the respective characteristics of each structure.
[12]

 For instance, core@shell 

nanoparticles with different functional compositions are being widely investigated on TiO2 based 

photocatalyst. The coating shell on the core materials would not only increase the functionality, 

stability and dispersibility, but would also reduce the consumption of precious materials. 

Moreover, the core and shell can be of different materials or of the same material with a different 

structure, giving rise to two or more different properties of core and shell. The properties arising 

from either core or shell can be modified by changing the constituting materials or the core/shell 

ratio. Meanwhile, the size of the core particle, the shell thickness and the porosity in the core or 

the shell can be tuned to meet different requirements.
[13-16]

  

1.2.2 Heterojunction formation 

Titanium dioxide occurs in two important polymorphs, the stable rutile and metastable anatase. 

These polymorphs exhibit different properties and consequently different photocatalytic 

performances. Although the controversy on the alignment of the band edges of the rutile and 

anatase polymorphs has remained,
[17-19]

 it is recognized that mixed-phase materials of rutile and 

anatase outperform the individual polymorphs. It is generally accepted that the bandgaps of rutile 

and anatase TiO2 are at 3.03 and 3.20eV, respectively. Whether the CB of anatase lays 0.2eV 

above that of rutile, or opposite, the gap between rutile and anatase on the CB or VB could lead 

to a transfer of photogenerated electrons and holes from one phase to the other, and then 

participate in the catalytic reaction. (Figure 3.1.1) This kind of heterojunction is therefore 
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beneficial to the separation of excited electron/hole pairs and reduction of the recombination of 

them.
[20]

 

This disalignment of bandgaps can be extended to other semiconductor compositions. For 

example, when a larger band gap semiconductor is coupled with a small band gap semiconductor 

with a more negative CB level, CB electrons can be injected from the small band gap 

semiconductor to the large band gap semiconductor. Hence, an appropriate selection and 

successful coupling of two semiconductors for photocatalytic water-splitting hydrogen 

production under visible light irradiation can be achieved when the small band gap 

semiconductor could be excited by visible light, such as the coupling of CdS (band gap 

2.4eV)/TiO2,
[21]

 BiVO4 (band gap 2.4eV)/TiO2,
[22]

 CuBi2O4 (band gap 1.75eV)/TiO2,
[23]

 and so 

on. 

 

Figure 3.1.1 Two proposed VB and CB aligment mechanisms for anatase/rutile heterojuction: 

Model A
[24-26]

 and Model B
[27-29]

, Red arrows indicate the flow of electrons (holes) in the CB (VB) 
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2. BiVO4/3DOM TiO2 nanocomposites 

2.1 Motivation and experimental setup 

2.1.1 Motivation 

As described above, many strategies have been developed to improve the photocatalytic 

efficiency of TiO2 through second component doping to promote the photo to electron 

conversion efficiency, photogenerated charge separation and visible light harvesting. Among 

them, the monoclinic BiVO4 structure was reported to show highly promising photocatalytic 

activity under visible light irradiation due to its relatively narrow bandgap energy of 2.4eV, 

compared to its two tetragonal phases both with a bandgap energy of 3.1eV.
[30-31]

 Due to its 

visible light photocatalytic activity, it has also been used for the degradation of organic 

pollutants and oxygen evolution in the water splitting reaction.
[32-33]

 The combination of a narrow 

bandgap semiconductor material such as BiVO4 with TiO2 to produce a BiVO4/TiO2 

nanocomposite with an intimate heterojunction could be an efficient way to offer a visible light 

photocatalyst with high photocatalytic activity. 

An equally important issue is that a specific nanostructure can lead to an enhancement in 

photocatalysis. For instance, the 3DOM (three dimensionally ordered macroporous) inverse opal 

structures as photonic crystals have a periodic dielectric contrast modulation in the length scale 

of certain energies to propagate through the material along a particular crystallographic direction. 

This gives rise to stop-band reflection, and the range of energies that is reflected back depends 

on the periodicity and dielectric contrast of the photonic crystal. At the wavelengths 

corresponding to the edges of these stop-bands, photons propagate with strongly reduced group 

velocity and hence are called “slow photons”.
[34-35]

 The slow photons can be used to enhance the 

light absorption of materials when the photon energy matches the absorbance of the material 

leading to the generation of a large number of electron-hole pairs and enhanced photocatalytic 

activity. 

In order to benefit from the advantages of both the composite system and the 3DOM structure, 

we have combined the 3DOM TiO2 with the narrow bandgap semiconductor BiVO4 as a light 
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sensitizer leading to visible light absorbing materials with an enhanced photocatalytic activity. 

Electron microscopy characterization, including SEM, HRTEM, STEM-EDX, were used to 

investigate the hybrid structure. Then the photocatalytic activity of BiVO4/3DOM TiO2 

nanocomposites in the visible light degradation of a dye molecular model was studied; it presents 

a superior photocatalytic activity compared to a series of control groups, including 3DOM TiO2 

IO (inverse opal), BiVO4 nanoparticles, a physical mixture of BiVO4 nanoparticles and 3DOM 

TiO2 powders, and the BiVO4/P25 TiO2 nanocomposite. 

2.1.2 Experimental setup 

First, characterization techniques including XRD and SEM are used to investigate the 

crystallinity and morphology of BiVO4 and TiO2. Then TEM characterization is carried out to 

reveal the structure of the materials. For these kinds of hybrid materials, Z-contrast HAADF-

STEM is the more suitable technique. Due to the small size of BiVO4 nanoparticles, the high 

sensitive and efficient Brucker Super-X EDX system is used to map the composition of the 

nanoparticles. To study the photocatalytic mechanism of coupling the different semiconductor 

oxides, the above experimental procedure is applied to a series of samples with different 

structures and compositions (Table 3.2.1). These results reveal the advantages of both the 

composite system and the 3DOM structure.
[22]

 

Table 3.2.1 lists of samples with different structures and components 

Samples Components Structures Synthesis 

0.08BiVO4/3DOM TiO2 BiVO4/TiO2 Nanoparticles/Inverse opal hydrothermal process 

0.04BiVO4/3DOM TiO2 BiVO4/TiO2 Nanoparticles/Inverse opal hydrothermal process 

3DOM TiO2 IO TiO2 Inverse opal hydrothermal process 

BiVO4 nanoparticles BiVO4 Nanoparticles hydrothermal process 

Phy-mix 0.08BiVO4/3DOM TiO2 BiVO4/TiO2 Nanoparticles/Inverse opal physical mixture 

0.08BiVO4/P25-TiO2 BiVO4/TiO2 Nanoparticles/Nanoparticles hydrothermal process 
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2.2 Results and discussions 

2.2.1 Morphology and structure 

Phase composition 

XRD patterns of the as-prepared 3DOM TiO2 IO, two BiVO4/3DOM TiO2 nanocomposites and 

BiVO4 nanoparticles are shown in Figure 3.2.1. The XRD pattern (Figure 3.2.1a) of the TiO2 

inverse opal structure shows five peaks at 2θ = 25.3°, 37.9°, 48.0°, 54.6° and 62.8° 

corresponding to the crystal planes of (101), (004), (200), (211), and (204), respectively (JCPDS 

card no. 14-0688), which indicates that the TiO2 sample adopts the anatase phase after 

calcination at 550 °C. The XRD peaks (Figure 3.2.1d) of the BiVO4 nanoparticles correspond to 

the monoclinic scheelite phase (JCPDS 14-0688). The diffraction profiles reveal that both BiVO4 

and TiO2 powder are highly crystalline. The diffraction patterns of BiVO4/3DOM TiO2 

nanocomposites (Figure 3.2.1b and c) show a combination of the XRD profiles of both TiO2 

inverse opal and BiVO4 nanoparticles. Weak XRD diffraction peaks of vanadate species at 2θ = 

18.8°, 28.8°, 30.5°, 35°, 39.9° and 42.4° corresponding to the crystal planes of (011), (121), 

(040), (002),(-1,1,2) and (150), respectively, are observed and shown by (■) in Figure 3.2.1b and 

c. This is presumably due to a combination of their low content and high dispersion.  

 

Figure 3.2.1 X-ray diffraction patterns of (a) 3DOM TiO2 IO, (b) 0.04BiVO4/3DOM TiO2, (c) 

3DOM 0.08BiVO4/ TiO2 nanocomposites and (d) BiVO4 nanoparticles. 
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Morphology 

Figure 3.2.2 shows the SEM images of pure 3DOM TiO2 IO (a and b), pure BiVO4 nanoparticles 

(c and d) and the BiVO4/ 3DOM TiO2 nanocomposite (e and f) respectively. The pure 

macroporous TiO2 sample exhibits (Figure 3.2.2 a and b) a highly ordered three dimensional 

inverse opal structure with interconnected pores. The average pore size of the TiO2 inverse opal 

is about 320 nm. The pure BiVO4 nanoparticles (Figure 3.2.2 c) exhibit a dumbbell-like shape, 

highlighting that the as-prepared BiVO4 product is composed of countless dumbbell-like 

aggregates and nearly all of them adopt the same morphology. A single dumbbell aggregate of 

nanoparticles has a length ranging from 1 to 5μm. Furthermore, we notice that the surface of the 

obtained BiVO4 sample is fairly rough as shown in Figure 3.2.2 c, which further indicates that 

every dumbbell is formed by an aggregation of nanoparticles. Figure 3.2.2 d presents an enlarged 

SEM image of the top structure of the dumbbell (Figure 3.2.2 c). It confirms that the BiVO4 is an 

aggregate of small sphere-like nanoparticles of 30-60 nm. This morphology is quite similar to 

that previously reported.
[36]

 The SEM image in Figure 3.2.2e suggests that a BiVO4/3DOM TiO2 

nanojunction has been obtained. The TiO2 inverse opal support has a highly ordered structure 

with few defects. In this image it seems that the BiVO4 particles are highly dispersed on the 

3DOM TiO2 framework. However, the details and real composite distributions are still unclear 

from SEM observations. 
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Figure 3.2.2 SEM images of (a) and (b) 3DOM TiO2 IO sample; (c) and (d) BiVO4 nanoparticle 

sample; (e) and (f) BiVO4/3DOM TiO2 nanocomposite sample (BiVO4 particles are indicated by 

arrows) 
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Structure 

The macrostructure of the pure TiO2 inverse opal structure (3DOM TiO2 IO) was examined by 

TEM, where the macropores can be clearly identified in Figure 3.2.3a via a difference in contrast 

in the image between the voids and the material. As shown in Figure 3.2.3b, the framework of 

TiO2 is an aggregate of small nanoparticles. Figure 3.2.3c shows a typical TEM image of 

dumbbell-like BiVO4 nanoparticles. As can be seen in Figure 3.2.3d, it confirms that BiVO4 is an 

aggregate of small crystal nanoparticles, in agreement with the SEM observations.  

 

Figure 3.2.3 TEM images of (a) and (b) 3DOM TiO2 IO sample; (c) and (d) BiVO4 nanoparticles. 

A TEM image of the 0.08BiVO4/3DOM TiO2 nanocomposite is presented in Figure 3.2.4a. The 

inverse opal structure of the TiO2 framework can be clearly observed, however, the BiVO4 
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cannot be revealed. For this, Z-contrast HAADF-STEM is the more suitable technique, because 

the contrast is approximately proportional to the square of the atomic number (Z) and to the 

thickness of the specimen. The HAADF-STEM image (Figure 3.2.4b) reveals the BiVO4 

nanoparticles located on the 3DOM TiO2 structure. The bismuth vanadate adopts a new 

morphology with increased size after the formation of the nanocomposite (highlighted by 

arrows). The elemental composition and distribution of the BiVO4/3DOM TiO2 heterojunctions 

were analyzed by HAADF-STEM-EDX (Figure 3.2.4c-e). The red color shows the Ti, 

corresponding with the framework of 3DOM TiO2, and the green color represents bismuth, 

showing the location of the BiVO4 nanoparticles, which are homogeneously dispersed on the 

3DOM TiO2 inverse opal structure. The overlaid color map (Figure 3.2.4e), presenting the results 

for the combination of TiO2 and BiVO4, evidences very clearly the intimate contact between the 

3DOM TiO2 inverse opal structure and the BiVO4 nanoparticles. 

 

Figure 3.2.4 (a) and (b) TEM and HAADF-STEM images of the same zone of the 

0.08BiVO4/3DOM TiO2 nanocomposite sample (BiVO4 particles are indicated by arrows); (c–e) 

corresponding EDX elemental mapping results. 
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Further, the enlarged HAADF-STEM image (Figure 3.2.5a) of a small zone on the TiO2 

framework and its corresponding EDX elemental map (Figure 3.2.5 b-d) indicate the existence of 

very small nanoparticles of around 2-5 nm of BiVO4 imbedded in the framework of the 3DOM 

TiO2 structure. The HRTEM of the corresponding zone (Figure 3.2.5f) exhibits two kinds of 

lattice fringes, one of d=0.35nm which matches the (101) crystallographic planes of anatase TiO2, 

the second of d=0.31nm which corresponds to the (130) crystallographic plane of monoclinic 

BiVO4. It is clear that a heterojunction structure with intimate contact at a nano-scale is formed 

between both semiconductors. 

 

Figure 3.2.5 (a) HAADF-STEM image at high magnification of 0.08BiVO4/3DOM TiO2 

nanocomposite sample, (b-d) corresponding EDX mapping results of the whole area of (a), (e) 

TEM image, (f) corresponding HRTEM image of the area indicated in (e) with a red box. The 

BiVO4 nanoaprticles are indicated by white arrows. 
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2.2.2 Photocatalytic activity and mechanism 

Photocatalytic activity 

The degradation of rhodamine B (RhB) under visible light irradiation was conducted, as a test 

reaction, in the presence of each material. The photocatalytic efficiencies (C/C0) of pure BiVO4 

nanoaprticles, pure 3DOM TiO2 IO, two reference samples (phy-mix 0.08BiVO4/3DOM TiO2 

and 0.08BiVO4/P25-TiO2 nanoparticles) and two BiVO4/TiO2 nanocomposites are illustrated in 

Figure 3.2.6A. The blank experiment of RhB degradation without the presence of a photocatalyst 

is shown in curve (a) of Figure 3.2.6A. It can be clearly observed that for all samples the 

degradation of RhB increases gradually with increasing irradiation time. The photocatalytic 

performance of TiO2 can be improved by coupling catalysts with sensitizers leading to the 

BiVO4/TiO2 nanocomposite proposed herein with a narrow bandgap. The increase in 

performance was demonstrated by a superior photodegradation of RhB, with the destruction of 

80% and 95% RhB over a 120 min period in the presence of 0.04BiVO4/3DOM TiO2 (Figure 

3.2.6A f) and 0.08BiVO4/3DOM TiO2 (Figure 3.2.6A g), respectively. 

Moreover, it has been reported that the photocatalytic degradation process of RhB follows first-

order kinetics.
[37]

 So the kinetics of RhB degradation with the different samples is illustrated in 

Figure 3.2.6B. The rate constants for the pure BiVO4 nanoparticles, pure 3DOM TiO2 IO, phy-

mix 0.08BiVO4/3DOM TiO2, 0.08BiVO4/P25-TiO2, 0.04BiVO4/3DOM TiO2 and 

0.08BiVO4/3DOM TiO2 photocatalysts are calculated to be 0.00062, 0.0078, 0.0079, 0.0084, 

0.0152, and 0.0256 min
-1

 respectively. From the rate constants (k) in Figure 3.2.6B, it can be 

inferred that the order for the photodegradation rates is: 0.08BiVO4/P25-TiO2 > 

0.04BiVO4/3DOM TiO2 > 0.08BiVO4/P25-TiO2 > phy-mix 0.08BiVO4/3DOM TiO2 ≥ 3DOM 

TiO2 IO > BiVO4 nanoparticles. The nanocomposite of 0.08BiVO4/3DOM TiO2 has a 

photocatalytic activity 4 times and 3 times higher than pure BiVO4 and 3DOM TiO2, 

respectively, showing the high impact of the BiVO4/3DOM TiO2 heterojunction on the 

photocatalytic performance. The reference sample prepared by a physical mixing of BiVO4 and 

3DOM TiO2 IO has a similar photocatalytic activity to that of pure 3DOM TiO2 IO, indicating 

that the introduction of a low amount of BiVO4 into 3DOM TiO2 IO by physical mixing does not 

induce an effect on the photocatalytic activity and hence the importance of the intimate contact 

between BiVO4 and the 3DOM TiO2 IO structure. Another reference sample 0.08BiVO4/P25-
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TiO2 prepared by the same hydrothermal method as BiVO4/3DOM TiO2 showed a higher 

photocatalytic activity than pure 3DOM TiO2 IO sample, the physical mixing sample and pure 

BiVO4 nanoparticles, but it was much lower than that of the BiVO4/3DOM TiO2 nanocomposites, 

confirming again the enhancement of the photocatalytic activity by the intimate contact between 

BiVO4 and TiO2 and the importance of the 3DOM inverse opal structure. In addition, it is clear 

that the photocatalytic activity of BiVO4/3DOM TiO2 nanocomposite photocatalysts is strongly 

dependent on the amount of BiVO4. The photodegradation activity of (x) BiVO4:TiO2 increases 

remarkably with an increasing amount of BiVO4 up to x=0.08. The optimization of the amount of 

BiVO4 in nanocomposites will be included in a future work. 

 

Figure 3.2.6 (A) The variation of RhB concentrations (C/C0) with irradiation time over different 

photocatalysts under visible-light illumination: (a) a blank, (b) BiVO4 nanoparticles, (c) 3DOM 

TiO2 IO, (d) phy-mix 0.08BiVO4/3DOM TiO2, (e) 0.08BiVO4/P25-TiO2, (f) 0.04BiVO4/3DOM 

TiO2 and (g) 0.08BiVO4/3DOM TiO2. (B) The corresponding kinetics of RhB degradation with 

different photocatalysts. (C) Schematic representation of BiVO4/TiO2 nanocomposites. (D) 

Energy band diagram and charge transfer processes in BiVO4/TiO2 nanostructured 

photocatalysts under visible light irradiation. 
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Mechanism 

The coupling of different semiconductor oxides seems to be useful in order to absorb a wide 

range of solar radiation and to achieve a more efficient electron-hole pair separation when under 

irradiation and, consequently, a higher photocatalytic activity. A schematic representation of our 

BiVO4/3DOM TiO2 nanocomposites with bismuth vanadate nanoparticles incorporated in the 

3DOM inverse opal TiO2 matrix is presented in Figure 3.2.6C. When the system is irradiated 

with visible light, BiVO4 is activated to generate electron-hole pairs. An electron (e
-
) is promoted 

from the valence band, VB, into the conduction band, CB, of BiVO4, leaving a hole (h
+
) behind. 

The excited-state electrons produced by BiVO4 can be injected into the conduction band of the 

coupled TiO2 due to the intimate matching of the electric fields between the two materials and 

because the position of CB of TiO2 is just under the CB of BiVO4.
[38]

 The electron transfer is 

now feasible. The electron and holes are physically separated in space, reducing the opportunity 

of their recombination. The conduction electrons at the TiO2 side are good reductants which can 

be scavenged by molecular oxygen, O2, to yield the superoxide radical anion O2
-
. The holes at 

the VB of BiVO4 will interact with hydroxyl groups to form OH∙ radicals. It is well known that 

the OH∙ radical is a powerful oxidizing agent capable of degrading most pollutants. In the 

present case, RhB dye model molecules will be degraded by O2
-
 and OH∙ radicals. 

It is interesting that the pure BiVO4 nanoparticles whose bandgap is around 2.4 eV and located in 

the visible light zone, present an unexpected low photocatalytic activity towards RhB dye 

molecules, even lower than that of the pure TiO2 inverse opal structure (3DOM TiO2 IO sample, 

28%) who should not degrade dye molecules due to the wide bandgap energy in the UV range. 

This could be explained as follow: (1) Due to the intrinsic characteristics of BiVO4 such as the 

very poor adsorptive performance towards organic dye molecules and the inefficient migration of 

photogenerated electron-hole pairs to the surface for photocatalytic reactions, the pure 

monoclinic BiVO4 presented an unexpectedly low photocatalytic activity in the visible light 

degradation of organic dye pollutants.
[36, 39]

 (2) Some electrons can be promoted from RhB as a 

light sensitive dye. These electrons of RhB can migrate to the CB of TiO2 to generate reactive 

O2
-
 to degrade RhB dye molecules.

[31, 40]
 (3) The 3DOM TiO2 IO structure could generate the 

slow photon effect so that the photocatalytic activity was enhanced.
[41-42]

 That is also the reason 
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why the 0.08BiVO4/3DOM TiO2 sample present higher photocatalytic activity than 

0.08BiVO4/P25-TiO2 sample. 

2.3 Conclusions 

BiVO4/3DOM TiO2 nanocomposites have been successfully synthesized. Electron microscopy 

characterization demonstrates the coupling of the BiVO4 nanoparticles, including two types of 

sizes, with the 3DOM structured TiO2. The BiVO4/3DOM TiO2 nanocomposites exhibit higher 

photocatalytic activities and can be considered as more efficient as they promote visible-light-

driven photocatalysis, than all the other samples including pure BiVO4 nanoaprticles, pure 

3DOM TiO2 IO nanaomaterials, physical mixed BiVO4/3DOM TiO2 nanomaterials and 

BiVO4/P25-TiO2 nanoparticles. It can be concluded that adding narrow bandgap energy 

materials as light sensitizers to TiO2 is a very promising method to render 3DOM TiO2 inverse 

opals more efficient in the photo-degradation of organic pollutants and in the water splitting 

reaction under visible light. Moreover, the benefits of the 3D porosity and the high surface area 

of the TiO2 inverse opal structure are essential for the accessibility of the BiVO4 nanoparticles. 

 

3. Rutile@anatase core-shell microspheres 

3.1 Motivation and experimental setup 

Motivation 

Titanium dioxide attracts deep interest as a promising nanomaterial for photovoltaics, water 

photosplitting, and air purification.
[43-45]

 In particular, titania based core-shell materials attract 

special attention because of their promising applications in photocatalysis.
[46-47]

 Many studies 

show that pure anatase is more active in photocatalytic reactions than rutile, however it is also 

confirmed that the presence of both phases causes a transfer of photogenerated electrons and 

holes between different phases, thus improving the charge separation efficiency and the overall 

activity of the composite material.
[48-50]

 A large amount of synthetic strategies have been 

developed to obtain the TiO2 polymorphs hybrid materials.
[47, 51-53]

 Unfortunately, most of the 
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preparation techniques of such core-shell materials demand time and resource consuming 

syntheses. The aerosol pyrolysis technique is known as a facile way to prepare various 

microspheres of different compositions because of the precise spherical shape of the aerosol 

droplets acting as morphology directing agents and isolated microreactors. Many researchers 

make great efforts on this technique.
[54-58]

 However, a one-step synthesis of titania-titania core-

shell microspheres, composed of different TiO2 phases, has not been developed so far. 

Recently, a new pyrolysis technique for the preparation of N-doped TiO2 microspheres with a 

core-shell structure via heterogeneous TiCl4 vapor hydrolysis using water solution aerosols, 

containing both anatase and rutile phases has been reported.
[59-60]

 However, the internal structure 

and distribution of anatase and rutile in the core-shell microspheres remained unclear, due to the 

restriction of the characterization techniques. We expect to shed light to core-shell morphology 

via electron microscopy and to suggest a different formation mechanism of such promising 

materials. 

Experimental setup 

Transmission electron microscopy (TEM) is an ideal tool to investigate both the structure and the 

chemical composition of multicomponent nanomaterials, using a combination of high resolution 

TEM, high-angle annular dark-field scanning transmission electron microscopy (HAADF-

STEM), energy dispersive X-ray (EDX) mapping, and electron energy loss spectroscopy 

(EELS).
[61]

 With the use of a monochromator, high resolution energy filters and an improved 

mechanical and electrical stability, an energy resolution of around 100meV becomes available in 

EELS. The hybrid structure of anatase/rutile can therefore be reliably diagnosed through a high 

resolution EELS analysis and the differences in the Ti L2,3 edge between anatase and rutile can 

be detected.
[62-63]

 Equally important, the internal structure can be revealed by electron 

tomography using 3D reconstruction.
[64-67]

 It allows us to map the distribution of anatase and 

rutile and image the internal structure of the as-synthesized core-shell microspheres by advanced 

TEM. Based on our TEM data, we discuss new features of the formation mechanism of 

microspheres with a rutile@anatase structure and the influence of the synthesis conditions on the 

particle morphology and the doping features. The proposed preparation technique allows for 

tuning up simultaneously the doping and the morphological parameters of the titania 

microspheres. This is important for future scaling up the production using aerosol techniques. 
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3.2 Morphology and structure 

3.2.1 Synthesis strategy and morphology  

 

Figure 3.3.1 (a) Schematic illustration of the rutile@anatase core-shell structured microspheres 

synthesis, (b and c) SEM and HAADF-STEM images of the sample obtained at 10% urea and 

TiCl4 at an evaporator temperature of 70 °C, (d) XRD patterns of the products obtained at 

different urea concentration and TiCl4 evaporator temperature 

Titania microspheres were synthesized by heterogeneous TiCl4 vapor hydrolysis. Figure 3.3.1(a) 

illustrates the schematic synthesis strategy. Briefly, a flow of TiCl4 vapor and a flow of a water 

based aerosol mix in the T-piece tube leads to heterogeneous TiCl4 hydrolysis on the surface and 
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inside the aerosol droplets followed by the dehydration and calcination of the hydrolysis 

products in the pre-heated tube furnace (1000 °C). The concentration of TiCl4 in the flow is 

defined by the temperature of the TiCl4 liquid in the evaporator (70~110 °C). A scanning 

electron microscopy (SEM) image of the product is shown in Figure 3.3.1(b); the resulting 

microspheres are 0.5~3 µm in diameter and demonstrate a smooth surface. To investigate the 

inner structure of the microspheres TEM techniques are used. Particularly in the HAADF-STEM 

mode, also known as Z-contrast imaging, the scattered intensity is approximately proportional to 

the square of the atomic number (Z
2
) and to the thickness of the sample. HAADF-STEM 

imaging is therefore both chemically sensitive and thickness dependent. The HAADF-STEM 

image at low magnification reveals that most of the microspheres have a core-shell yolk-like 

structure (Figure 3.3.1c). The XRD pattern collected from the product (Figure 3.3.1d) shows a 

high crystallinity of the as-synthesized microspheres, with both the rutile and anatase phase 

present at the same time. All diffraction peaks match well with the anatase (A) and rutile (R) 

TiO2 (JCPDS cards# 21-1272 and 12-1276 respectively). However, the exact compositions, as 

well as the phase distribution, are still unclear from HAADF-STEM and XRD. 

3.2.2 Structure 

A detailed investigation of the internal structure of the microspheres by HAADF-STEM (Figure 

3.3.2 a-d) reveals the presence of four types of morphologies: yolk structured spheres, foggy-

spheres, foam-filled spheres and hollow spheres, denoted as yolk, foggy, foam and hollow, 

respectively. Analyzing 300 microspheres (Figure 3.3.8) lead us to the following relative 

occurrence: 58% yolk, 8% foggy, 24% foam and 10% hollow. The shell of all the microspheres 

consists of 10~60 nm nanocrystals, while the core of the yolk particles consists of bigger crystals 

up to 500 nm. Hollow and foam types possess a thick shell of about 60~300 nm, while foggy and 

yolk types feature a very thin shell of less than 25 nm (Figure 3.3.2 e-h). Among all these sphere 

types, only the yolk morphology has an apparent core inside the shell. The foggy microspheres 

might also have some relative large crystal particles hiding inside the microsphere (indicated in 

Figure 3.3.2 c by red circles). The corresponding SAED patterns in the case of the hollow 

(Figure 3.3.2 i) and foam-filled (Figure 3.3.2 j) microspheres reveal a pure anatase phase, while 

the SAED pattern of the foggy and yolk microspheres present a rutile diffraction pattern (Figure 

3.3.2 k and l). Therefore, it can be concluded that the hollow and foam-filled microspheres 
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consist of only the anatase phase, while the foggy and yolk microspheres contain both the rutile 

and anatase phase in different ratios. The thickness of the shell in the microspheres without the 

rutile phase (hollow microsphere: 65nm and foam-filled microsphere: 42nm, indicated in Figure 

3.3.2 e and f) is typically much larger than that of the microspheres with the rutile phase (foggy 

microsphere: 16nm and yolk microsphere: 15nm, indicated in Figure 3.3.2 g and h). However, 

the phase distribution can not be determined from diffraction or imaging in TEM only. 

 

Figure 3.3.2 (a-d) HAADF-STEM images of different structures, (e-f) corresponding HAADF-

STEM images at higher magnification from the edge of the microspheres, (i-l) corresponding 

SAED patterns of the whole microspheres in (a-d); hollow structure: (a, e, and i), foam structure: 

(b, f, and j), foggy structure: (c, g, and k), yolk structure (d, h, and l), respectively 

In order to investigate the spatial distribution of anatase and rutile, energy spectroscopy has been 

used to analyze and map the phase distribution. The hybrid structure of rutile/anatase can be 

diagnosed through high resolution EELS analysis by focusing on the differences of the Ti L2,3 
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edge between anatase and rutile. In the EELS process incident electrons are inelastically 

scattered passing through the sample, losing energy. A core electron of the material can be 

promoted to an unoccupied state, and therefore the corresponding core edge (the Ti L2,3 edge in 

our case) in the spectrum will carry information about the electronic structure and the symmetry 

of the corresponding excited atom. This fine structure analysis can be used to identify different 

components and phases. Furthermore, by using an annular detector to collect the electrons 

scattered over large angles, image acquisition and the collection of energy loss scattered 

electrons can happen simultaneously. This makes HAADF-STEM-EELS to be ideally suited for 

the study of our hybrid rutile@anatase microspheres as imaging can be directly combined with 

local chemical and structural information. The HAADF-STEM image (Figure 3.3.3a) shows a 

typical rutile@anatase core-shell microsphere. The corresponding EELS spectra of the Ti L2,3 

edge from zone 1 and zone 2, indicated in Figure 3.3.3a, are shown in Figure 3.3.3b (in blue and 

black respectively). The EELS spectra of the same L2,3 edge for pure anatase (red) and pure rutile 

(green) are also shown in Figure 3.3.3b as reference. All the spectra in Figure 3.3.3b have been 

processed under the same conditions, and all treated by background removal and deconvolution. 

The core-loss EELS Ti L2,3 spectra are composed of two groups of peaks associated with L3 and 

L2 transitions. Furthermore, the L3 and L2 lines for both phases are initially split into two peaks 

(L3: A and B, L2: C and D). This splitting into the t2g (3dπ) and eg (3dσ) bands occurs because of 

the nearly octahedral coordination of Ti in anatase (D2d) and rutile (D2h). Both spectra (anatase 

and rutile) also show that the L3 eg-related peak is further split into two distinct peaks (B1 and B2) 

appearing as a low-energy shoulder for rutile and a high-energy shoulder for anatase. The 

intensity ratio between these two peaks varies as a function of the TiO2 crystal structure and is 

inverted in the case of anatase and rutile. Therefore, the most prominent difference of rutile and 

anatase is the asymmetrical splitting of the L3 eg peak in a high-energy and a low-energy 

shoulder (Figure 3.3.3b) indicated by arrows at B1 and B2. The spectrum of zone 1 presents a 

curve (Figure 3.3.3b blue) similar to the anatase reference (Figure 3.3.3b red spectrum), implying 

that the shell is composed by anatase particles. However, the spectrum of zone 2 (Figure 3.3.3b 

black) reveals a flat plateau on the L3 eg-related peak, which suggests a co-existence of both 

rutile and anatase. The rutile phase probably comes from the core bulk in zone 2 and the anatase 

phase is from the shell part.  
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Figure 3.3.3 (a) HAADF-STEM image of a typical rutile@anatase core@shell microsphere, (b) 

Titanium L2,3 core-loss EELS spectra acquired from the indicated areas shown in (a) compared 

to reference TiO2 polymorphs: rutile (green) and anatase (red) and from the different areas 

indicated in (a): zone1 (blue) and zone2 (black), (d-f) EELS maps: (d) rutile (green), (e) anatase 

(red), and (f) rutile and anatase overlaid color map. (c) 3D tomographic reconstruction of 

another typical rutile@anatase core-shell microsphere, together with the corresponding 

HAADF-STEM image (inset). (g) orthoslice along X and Y axis of the 3D reconstruction. 

A core bulk with clean surface free of shell particles is further used to perform EELS (Figure 

3.3.4). Obviously, the core bulk presents a curve (Figure 3.3.4) similar to the pure rutile 

spectrum (Figure 3.3.4b green spectrum). In order to map the hybrid phases of rutile and anatase, 

the Ti L3 eg peaks in the spectra of every pixel were fitted using the EELSMODEL program
[68]

 

(Figure 3.3.3d-f). The distribution of rutile and anatase is clearly presented, showing a shell 

consisting of anatase nanoparticles and a core of rutile bulk. Note that, as the center of the bulk is 

too thick, no EELS signal can be obtained in the very center of bulk. Similar EELS maps can be 

obtained from other samples with separated core and shell (Figure 3.3.4). These EELS mapping 

results confirm the idea that the core bulk has the rutile phase while the shell nanoparticles are 

anatase phase. 
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Figure 3.3.4 (a) HAADF-STEM image of core bulk from a broken rutile@anatase microsphere, 

(b) EELS spectrum of two areas indicated in (a) (zone1: green, zone2: red), (c-e) EELS maps: (c) 

rutile (green), (d) anatase (red), and (e) rutile and anatase overlaid color mapping. 

A similar EELS characterization has been performed on the other types of microspheres (Figure 

3.3.5). The EELS spectra of the core part of these microspheres (zone1: hollow structure; zone2: 

foam-filled structure; zone3: foggy structure) demonstrate that the hollow and foam-filled 

microspheres are purely anatase, while the foggy microsphere consists of a mixture of rutile and 

anatase because some rutile bulks are buried in the core of the foggy microsphere. 
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Figure 3.3.5 (a-c) HAADF-STEM images of microspheres with a different internal structure: (a) 

hollow structure, (b) foam-filled structure, (c) foggy structure, (d) Titanium L2,3 core-loss EELS 

spectra acquired from the indicated areas shown in (a-c) compared to referencing TiO2 

polymorphs: rutile (green) and anatase (red), and from the different areas indicated in (a-c) with 

red boxes: zone1 in hollow structure (black), zone2 in foam-filled structure (pink) and zone3 in 

foggy structure (blue). 
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One should not forget that all these characterizations are based on 2D projections of a 3D object. 

3D characterization can be achieved through electron tomography, a technique in which several 

2D projections are combined into a 3D reconstruction using a mathematical reconstruction 

algorithm.
[69]

 To obtain a 3D representation of the core-shell structure, HAADF-STEM electron 

tomography (Figure 3.3.3c) was carried out on a core-shell type rutile-anatase microsphere 

(Figure 3.3.3c inset). The corresponding volume reconstruction (Figure 3.3.3c) demonstrates a 

clear core-shell yolk structure, which is made up of a bulk core and a thin shell. To achieve a 

better visualization of this composite, in the ortho-slices, the space between the core and the shell 

can be observed easily (Figure 3.3.3g), indicating that the core is isolated from the shell with an 

ideal yolk structure. In agreement with the EELS study, the bulk inside the microsphere is the 

rutile phase, green in Figure 3.3.3c, while the anatase phase of the shell is in orange.  

In summary, the results presented above clearly demonstrate that the microspheres fabricated via 

heterogeneous TiCl4 vapor hydrolysis show a yolk structure with a rutile core and an anatase 

shell 

3.3 Synthesis mechanism  

In order to understand the formation mechanism of these different sphere types, we have to 

consider some basic features of the interaction process between gaseous TiCl4 and water aerosol 

droplets.  

It is known, that TiCl4 reacts intensively with water according to the net reaction:  

TiCl4(gas) + 2H2O(liquid) = TiO2(solid) + 4HCl(gas) 

Such a stoichiometric reaction would lead to a 1.8 times decrease in the total volume of 

condensed substances (36 ml of liquid water would give 20 ml of solid TiO2). Taking into 

account that the hydrolysis process starts from the droplet surface, forming a quasi-solid shell, 

and that then TiCl4 diffuses inside the droplet, the final solid spheres can not be formed because 

of a decrease in material volume, thus the resulting microspheres have to be hollow with Vshell = 

0.55 Vsphere and a shell thickness htheor=0.12 Dshell (see 3.5 Appendix, Figure 3.3.11).  
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Among all the experimentally observed morphology types, only the hollow morphology can be 

accurately described in terms of sphere diameter (D) and shell thickness (h). The h/D ratio, 

calculated from the HAADF-STEM images (examples in Figure 3.3.2 a-h) is shown at Figure 

3.3.6a.  

The maximum observed h/D value of 0.25 is much higher than the predicted value of 0.12; this is 

obviously caused by a shrinking of the spheres during the solid product calcination in the hot 

furnace zone. To fulfill the h/D increase from 0.12 to 0.25, the final diameter (Dfinal) of the 

shrunken spheres should be Dfinal=0.87×Dinitial (see 3.5 Appendix, Figure 3.3.12), which is quite 

reasonable taking into account the loss of chemically bonded water associated with the heat 

treatment. Moreover, for most of the hollow spheres, the value of h/D is between 0.05 and 0.25, 

so that it can be concluded that the microsphere formation process, in general, occurs under 

conditions of TiCl4 deficiency with respect to hydrolyzing solution droplets. 

In should be noted, that the T-piece tube connector (Figure 3.3.1a) used as a mixing unit in the 

synthesis setup gives some inhomogeneity in flow mixing. Together with the inherent 

polydispersity of the ultrasonic aerosols it would lead to a variable amount of TiCl4 vapor 

corresponding to each droplet of water aerosol. Therefore, the aerosol droplets can react with a 

different concentration of TiCl4 vapor in different flow points, resulting in different 

morphologies.  

 

Figure 3.3.6 (a) value of h/D for hollow spheres in samples obtained at urea concentration 1 

and 10% and TiCl4 evaporator temperature 70°C; (b) value of Vsolid/Vtotal for two extreme 

microsphere’s morphologies – hollow and yolk 
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To corroborate the suggestion of the influence of the TiCl4 vapor concentration on the particle 

morphology, we calculated the relative value of the solid phase inside the microspheres –

Vsolid/Vtotal– for two extreme morphologies –hollow and yolk–, as shown in Figure 3.3.6b. The 

volume of the solid phase of the cores in yolk particles were estimated (obviously with some 

overestimation) as a volume of spheres which would have the same maximum cross-sectional 

area as the area of the core itself.  

The Vsolid/Vtotal value is a merit of the total Ti
4+

 concentration in droplets and reflects the amount 

of TiCl4 vapor corresponding to a droplet of water aerosol. The Vsolid/Vtotal value is lower for the 

yolk spheres than for the hollow spheres, therefore it can be concluded that the yolk spheres are 

formed at lower TiCl4 concentration than the hollow spheres. 

Based on the obtained results, we suggest the following formation mechanism of spheres with a 

different morphology (Figure 3.3.7).  

(a) A water droplet initially contacts with the TiCl4 vapor and the formation of a thin non-

compact shell takes place on the droplet surface;  

(b) At higher TiCl4 concentrations, TiCl4 diffuses rapidly through the initially formed thin 

shell inside the sphere, hydrolyses and deposits as TiO2·H2O on the inner surface of the 

shell, causing the formation of a thicker shell (preformed hollow spheres of TiO2·H2O). 

Coming closer to the hot zone of the furnace, the preformed hollow spheres lose water 

and form hollow TiO2 spheres. 

(c) At lower TiCl4 concentrations, TiCl4 diffuses slowly through the shell inside the sphere 

and forms inside the droplets Ti
4+

 aquacomplexes stabilized with HCl and urea molecules. 

Then, the solution of Ti
4+

 aquacomplex inside the shell decomposes and forms in the hot 

zone a rutile core inside the thin shell of the yolk spheres; 

(d) Hollow and yolk spheres shrink in the furnace about 13% because of hydrated titania 

calcination and liberation of water. 
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Figure 3.3.7 Suggested formation mechanism of spheres with different morphology 

The influence of the synthesis conditions (urea concentration in hydrolyzing solution and TiCl4 

evaporator temperature) on the relative occurrence of yolk spheres in the samples supports the 

proposed mechanism. A higher TiCl4 evaporation temperature, increased form 70
°
C to 110

°
C 

(meaning an increase of TiCl4 concentration) leads to a decrease of the number of yolk spheres in 

the sample from 58% to 10% (a counting based on 300 microspheres). A decrease of urea 

concentration in the hydrolyzing solution from 10 mass.% to 1 mass.% (i.e. lowering the 

stabilization ability of the acidic solution inside the droplets) leads to a decrease of the number of 

yolk spheres from 58% to 23% (a counting based on 300 microspheres). Several HAADF-STEM 

images of this series of spheres are provided in (Figure 3.3.9 and 3.3.10). The foam and foggy 

morphology types can possibly be explained as a transition state between hollow and yolk 

morphologies. 
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Figure 3.3.8 A series of HAADF-STEM images used as statistic observation for the presence of 

different structures in a sample obtained at urea concentration 10% and TiCl4 evaporator 

temperature 70
o
C. 

 

Figure 3.3.9 A series of HAADF-STEM images used as statistic observation for the presence of 

different structures in a sample obtained at urea concentration 1% and TiCl4 evaporator 

temperature 70
o
C. 
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Figure 3.3.10 A series of HAADF-STEM images used as statistic observation for the presence of 

different structures in a sample obtained at urea concentration 10% and TiCl4 evaporator 

temperature 110
o
C. 

3.4 Conclusions 

The new preparation technique allows us to obtain rutile@anatase core-shell microspheres with a 

yield around 58% in one step using a simple preparation setup. Advanced TEM characterization 

fully corroborates the rutile-core and anatase-shell in the yolk structured microspheres. A four 

points mechanism of a crystalline rutile core formation in a spherical anatase shell is proposed, 

based on a statistical analysis of the HAADF-STEM images. The TiCl4 concentration and urea 

concentration in the hydrolyzing solution were defined as critical synthesis parameters 

influencing the yield of yolk spheres. Further engineering of mixing unit and synthesis 

conditions are essential to increase the yield of core-shell particles.  

3.5 Appendix 

Volume of a droplet: Vdroplet=4×π×Rdroplet
3
/3 

Volume of obtained TiO2 shell: VTiO2=4×π×Rdroplet
3
/3 - 4×π×R1

3
/3 = (4×π)/3×(Rdroplet

3
 - R1

3
) 
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Thickness of TiO2 shell: h=Rdroplet – R1 

Chemical relationships:  

VTiO2 (i.e. Vshell)= (1/1.8)×Vdroplet = 0.55×Vdroplet 

Sum: 

(4×π)/3×(Rdroplet
3
 - R1

3
) = (1/1.8)×4×π×Rdroplet

3
/3 

(Rdroplet
3
 - R1

3
) = (1/1.8)×Rdroplet

3 

R1
3 

= (1 – 1/1.8)×Rdroplet
3 

R1 = Rdroplet×(0.8/1.8)^(1/3) 

h=Rdroplet – R1 = Rdroplet - Rdroplet×(0.8/1.8)^(1/3) = Rdroplet×(1 - (0.8/1.8)^(1/3)) = 0.24×Rdroplet = 

0,12×Ddroplet 

 

Figure 3.3.11 Schematic illustration of shell geometric relationships 

During the shrinkage of shell, both internal (R1) and external (Rdroplet) diameters will decrease (to 

R
1
1 and R

1
droplet respectively) but the volume of the shell should remain unchanged: 

VTiO2=4×π×Rdroplet
3
/3 - 4×π×R1

3
/3 = (4×pi)/3×(R

1
droplet

3
 – R

1
1
3
) 
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The volume relationship between the volumes of the shell and sphere remains the same: 

R1
3 

= (1 – 1/1.8)×Rdroplet
3 

R
1
1

3 
= (1 – X)×R

1
droplet

3 

where X is the shell volume agenized droplet’s volume - Vsolid/Vtotal (Vsolid/Vtotal observed in 

experiment is between 0.3 and 0.9) 

Therefore  

4×π×Rdroplet
3
/3 - 4×π×[(1 – 1/1,8)×Rdroplet

3
]/3 = (4×π)/3×[R

1
droplet

3
 – (1 – X)×R

1
droplet

3
] 

Rdroplet
3
 – [(1 – 1/1.8)×Rdroplet

3
] = R

1
droplet

3
 – (1 – X)×R

1
droplet

3
 

Rdroplet
3 

(1-1+1/1.8) = R
1
droplet

3
(1-1+X) 

R
1
droplet = (Rdroplet

3
/1.8×X)^(1/3) 

R
1

droplet = 0.87×Rdroplet 

 

Figure 3.3.12 Schematic illustration of sphere shrinkage 
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4. Experimental section 

4.1 Sample synthesis 

4.1.1 Synthesis of BiVO4/3DOM TiO2 related nanomaterials 

The samples used in the section 2 were synthesized in collaboration in the Laboratory of 

Inorganic Materials Chemistry (CMI) at the University of Namur, Belgium. 

Polystyrene template 

Styrene, sodium hydroxide and potassium persulfate were purchased from Aldrich. Polystyrene 

(PS) spheres were synthesized by an emulsion polymerization method without the addition of a 

surfactant. Styrene (20 mL) was washed three times with a solution of NaOH (1 M) to remove 

the polymerization inhibitor, and then added to 160mL of bidistilled water in a two-neck flask. 

This solution was stirred at 350 rpm under an inert atmosphere and heated to 70 °C. After 30 min 

and when the temperature was stabilized at 70 °C, 0.16 g of K2S2O8 was added to initiate 

polymerization. After 30 min, the mixture became cloudy and after 6 hours the polymerization 

was stopped by cooling and venting the flask. The white solution obtained was a dispersion of 

PS beads in water. The PS sphere size was around 350 nm. To obtain an opal structured template, 

the PS beads dispersion was self-assembled by oven-drying at 40 °C for 5 days and characterised 

by scanning electron microscopy (SEM). 

3DOM TiO2 IO 

The fabrication of three dimensionally ordered macroporous (3DOM) titania (3DOM TiO2 IO) 

was achieved via a templating strategy, as reported in the literature,
[34-35, 70]

 in which a thick layer 

of selfassembled polystyrene spheres (PS) was deposited onto a filter paper in a Buchner funnel 

under vacuum. The PS assembly was then infiltrated with the precursor solution. Titanium 

isopropoxide (Aldrich, 97%) was added dropwise to completely cover the PS spheres whilst 

under vacuum such that it occupied the voids inside the PS assembly. The precursor–template 

mixture was then air dried for 24 h and subsequently calcined at 550 °C for 12 h at a heating rate 

of 2 °C min
-1

 to obtain TiO2 photonic crystals (PCs) with an inverse opal structure (IOS).  
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BiVO4/3DOM TiO2 nanocomposite 

In order to incorporate BiVO4 nanoparticles inside the voids of the 3DOM TiO2, a hydrothermal 

method was used. In a typical process, stoichiometric amounts of Bi(NO3)3∙5H2O (Carl Roth, 

≥98%, p.a. ACS) and NH4VO3 (Carl Roth, $98%, p.a.) were dissolved in a stoichiometric 

volume of an ethylene glycol–water mixture and stirred for about 10 min until a clear solution 

was formed. Then, different amounts of 3DOM TiO2 were added into the solution and sonicated 

for 15 min. After 1 h stirring, the obtained yellow-coloured mixture was transferred into a 

Teflonsealed autoclave which was maintained at 160 °C for 24 h. The solid powders were 

recovered by centrifugation and washed with distilled water and absolute ethanol three times. 

Finally, the obtained solid was vacuum-dried at 60 °C for 6 h and was then calcined at 300 °C 

for 1 h. Dumbbell-like BiVO4 structures were synthesized under the same experimental 

conditions. 

BiVO4/P25-TiO2 nanocomposite and phy-mix BiVO4/3DOM TiO2 

Two other reference samples were prepared for comparison of photocatalysis. Firstly, BiVO4 

nanoparticles were introduced into P25 TiO2 nanoparticles by the same method described above 

by hydrothermal synthesis. After washing, the sample recovered was labeled as the BiVO4/P25-

TiO2 nanocomposite. Secondly, the obtained BiVO4 dumbbell-like structure was mixed with 

3DOM TiO2 inverse opal powders, giving a physical mixture of BiVO4 and 3DOM TiO2, labeled 

as phy-mix BiVO4/3DOM TiO2. 

4.1.2 Synthesis of rutile@anatase core-shell related maeterials 

The samples used in the section 3 were synthesized in Department of Chemistry at Lomonosov 

Moscow State University, Russia. 

The detail of synthesis experimental setup is described in this article: A. Tarasov et al., Facile 

preparation of nitrogen-doped nanostructured titania microspheres by a new method of 

Thermally Assisted Reactions in Aqueous Sprays, J. Mater. Chem. A., 2014, Vol. 2, P. 3102. 
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4.2 Electron microscopy characterization 

SEM 

The morphological properties of the samples were observed by a scanning electron microscope 

of FEI Helios Nanolab 650, operated at 10kV. 

TEM and HRTEM 

The TEM and HRTEM experiments were performed on a FEI Titan 80-300 "cubed" microscope 

fitted with an aberration-corrector for the imaging mode as well as for the probe forming mode, 

operated at 300 kV. 

HAADF-STEM, STEM-EDX 

The HAADF-STEM and EDX experiments were performed on a FEI Tecnai Osiris microscope 

equipped with a Brucker Super-X EDX system, operated at 200kV. 

STEM-EELS 

STEM-EELS experiment was performed on a FEI Titan 60-300 "cubed" microscope fitted with 

an aberration-corrector for the probe forming mode, a monochromator, a GIF Quantum energy 

filter for spectroscopy (with an energy resolution ), operated at 300 kV. 

Electron tomograghy 

The electron tomograghy experiment was performed on a FEI Tecnai Osiris microscope 

equipped with a -70° to +70° tomography tilt stage holder, operated at 200kV. Images for 

tomographic reconstruction were taken using a 2° interval, over the largest possible tilting range 

(preferably 140°). A reference image taken at 0° tilt was taken before and after image acquisition, 

to ensure that no changes to the sample structure were induced by beam damage during 

acquisition. Tomographic reconstruction was performed through simultaneous iterative 

reconstruction technique (SIRT). 
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4.3 Other characterizations 

XRD 

The Powder X-ray diffractions in section 2 and 3 were performed on a PANalytical X'pert Pro 

with Cu Kα radiation, and a Rigaku D/MAX 2500 diffractometer (Japan) with Cu Kα irradiation, 

resepectviely. 

4.4 Photocatalytic activity measurement 

BiVO4/3DOM TiO2 related nanomaterials: Photocatalytic testing was performed under visible 

light irradiation (380–740 nm) using 6 neon lamps of 18 W. The distribution of specific 

wavelength can be observed in the emission spectrum of the lamp (Figure 3.4.1), which indicates 

that the most of the wavelength located in visible light region. The luminous power of each lamp 

was 1250 lm and the total luminous power was 7500 lm in the photocatalytic reactor. The 

reaction temperature was maintained at room temperature. In each experiment 20 mg of the 

photocatalyst was placed in 50 mL of reactant solution with an initial concentration of 10
-3

 M of 

RhB. The suspension was poured into a quartz tube, inserted into a reactor and stirred in the dark 

for 120 min to ensure adsorption/desorption equilibrium prior to irradiation. During irradiation, 2 

mL of the suspension was removed at a given time interval for subsequent RhB concentration 

analysis. 

 

Figure 3.4.1 Emission spectrum of the 18W neon light lamp for the photocatalytic degradation 
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Zinc was used to make brass by the Romans in the first century A.D. before it was recognized as 

a unique element. After 14
th

 century, zinc has been recognized as a metal and recovered from 

zinc mines at Zawe in India, as a byproduct of a melting process. Then, the zinc melting 

technique was improved in the 16
th

 and 17
th

 century where it was used to produce brasses with 

high zinc contents. Shortly afterwards, Europe imported zinc from China and it was listed as an 

element on the periodic table by Antoine Lavoisier in 1789. Following the booming of material 

science in the 20
th

 century, zinc oxide (ZnO) was one of the first materials investigated in detail. 

Thus, literally tens of thousands of articles have been published about ZnO and ZnO related 

materials, especially after ZnO was recognized as a wide-band gap semiconductor of the II-VI 

semiconductor group. This semiconductor has several favorable properties, including good 

transparency, high electron mobility, wide band gap, and strong room temperature luminescence. 

This chapter deals with ZnO-based nanomaterials with a special nanostructure, i.e. ZnO 

mesoporous single-crystal nanosheets. 
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1. Introduction 

Nanostructured ZnO materials have received broad attention because of their distinguished 

performance in electronics, optics and photonics. From 1960s, the synthesis of ZnO thin films 

has been an active field because of their applications as sensors, transducers and catalysts. In the 

last few decades, since the rapid development of nanotechnology, different kinds of 

nanostructures of ZnO, such as nanocombs, nanorings, nanobelts, nanowires, nanocages … have 

been synthesized. These unique nanostructures unambiguously demonstrate that ZnO has a rich 

family of morphologies, structures and properties. 

1.1 Photocatalysis of ZnO 

In the field of photocatalysis, ZnO has emerged as an efficient and promising candidate in the 

green environmen management system because of its unique characteristics, such as direct and 

wide band gap in the near-UV spectral region, strong oxidation ability, excellent photocatalytic 

properties and a large free-exciton binding energy (60 meV) so that exitonic emission processes 

can persist at or even above room temperature.
[1-3]

 ZnO has also received much attention in the 

degradation and complete mineralization of environmental pollutants.
[4-5]

 Since ZnO has almost 

the same band gap energy as TiO2 (3.2eV), its photocatalytic capability is anticipated to be 

similar to that of TiO2. Moreover, ZnO is relatively cheap compared to TiO2 and therefore the 

use of TiO2 is rather uneconomic for large scale water treatment operations.
[6]

 The greatest 

advantage of ZnO is the ability to absorb a wide range of the solar spectrum and more light 

quanta than some semiconducting metal oxides.
[7]

 However, the relatively low efficiency of 

sunlight utilization (4~5%) and high recombination of photogenerated electron-hole pairs are 

still the main factors that seriously affect ZnO photocatalytic properties. 

Photocatalytic degradation mechanism of ZnO 

In an ideal photocatalytic process, organic pollutants are mineralized into carbon dioxide (CO2), 

water (H2O) and mineral acids in the presence of ZnO particles and reactive oxidizing species, 

such as oxygen or air. The photocatalytic reactions are initiated when the ZnO particle absorbs 

photons with energies greater than its band gap from the illumination. In this way, the photo-
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induced electron is promoted from the valence band (VB) to the conduction band (CB), forming 

a hole (h
+
) and electron (e

-
) on the surface of the ZnO particle. 

The photo-generated holes in the valence band will recombine with the photo-excited electrons 

in the conduction band and release energy in the form of heat (e
-
+h

+
→heat). Therefore, the 

presence of oxygen as electron scavengers prolongs the recombination of electron-hole pairs by 

forming oxide radicals (e
-
+O2→∙O2

-
). Meanwhile, the reaction of h

+
 with OH

-
 leads to the 

formation of hydroxyl radicals (h
+
+OH

-
→∙OH). The hydroxyl radical is an extremely strong, 

non-selective oxidant which leads to the partial or complete mineralization of organics (∙OH+R-

H→R’∙+H2O). Moreover, the high oxidative potential of the hole in the photocatalyst also permit 

the direct oxidation of organic matter to reactive intermediates (h
+
+R→R

+
∙→Intermediates). The 

oxide radicals are further protonated to produce hydroperoxyl radicals and subsequently H2O2 (e
-

+O2→∙O2
-
+H

+
→HOO∙+∙O2

-
→HOO∙+O

-
, HOO∙→H2O2+O2, H2O2+∙O2

-
→∙OH+OH

-
+O2). The 

HOO∙ also function as electron scavengers to trap conduction band electrons which further 

delays the recombination process. The general photocatalysis mechanism processes are shown in 

Figure 4.1.1. 

 

Figure 4.1.1 The general photocatalysis mechanism of photocatalysis 
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1.2 Improvement of ZnO photodegradation 

1.2.1 Element doping 

The recombination of a photogenerated hole (h
+
) and electron (e

-
) is the major disadvantage in 

semiconductor photocatalysis. This recombination step lowers the quantum yield and causes 

energy waste. Therefore, the e
-
—h

+
 recombination process should be inhibited to ensure an 

efficient photocatalysis. The introduction of new compounds could solve this problem by 

forming a multi-elemental hierarchical system. The different types of dopants in the ZnO 

semiconductor mainly include anionic dopants (such as C, N, S and so on), cationic dopants 

(such as Cu, Cd, Ni, Co, Na and so on) and rare-earth dopants (such as Ce, Eu, Nd, and so on). 

The dopants can enhance the charge separation between electrons and holes by trapping 

electrons and then reducing the chances of electron-hole recombination that deactivates the 

photocatalytic system. Furthermore, the generation of hydroxyl radicals and active oxygen 

species will greatly increase resulting in an enhancement in charge separation efficiency.
[8]

 

Moreover, the concentration and ionic nature of the dopant, synthesis method and operating 

conditions will significantly affect the photoactivity of the semiconductor. 

1.2.2 Optimization of the micro/nanostructure 

ZnO structure 

The well-defined crystal structures of ZnO are the rocksalt (cubic), wurtzite (hexagonal) or zinc 

blende (cubic) structure. A rocksalt structure of ZnO can be yielded under high pressure and 

therefore ZnO in this form is quite rare. The ZnO wurtzite structure has the highest 

thermodynamic stability among these three structures, which is the most common structure of 

ZnO. Wurtzite ZnO has a hexagonal structure (space group C6mc) with lattice parameters 

a=0.3296 and c=0.52065 nm. It is a non-centrosymmetric structure which causes ZnO to be 

piezoelectric and pyroelectric.
[9]

 Figure 4.1.2 exhibits the unit cell of the rocksalt, zinc blende 

and wurtzite structure of ZnO. 



142 

 

 

Figure 4.1.2 (a) rocksalt (cubic), (b) zinc blende (cubic), (c) wurtzite (hexagonal) structure 

model of ZnO
[10]

  

Polarization effect 

The structure of wurtzite ZnO can be described as a stacking of alternating planes composed of 

tetrahedrally coordinated O and Zn atoms, stacked alternatively along the c-axis. In this case, the 

tetrahedral coordination will form a polar symmetry along the hexagonal axis. The most common 

polar surface is the basal plane. The oppositely charged ions produce a positively charged Zn-

(0001) and a negatively charged O-(000-1) surface, resulting in a normal dipole moment and 

spontaneous polarization along the c-axis as well as a divergence in surface energy. The other 

two commonly observed facets for ZnO are {2-1-10} and {01-10}; they are non-polar surfaces 

and have a lower energy than the {0001} facets. 

Surface atomic configuration of ZnO 

As the photocatalytic reaction occurs at the interface between catalysts and organic molecules, 

the specific surface atomic configuration and {0001} polar facets of ZnO strongly influence its 

photocatalytic activity.
[11]

 In addition, fine-tuning of the surface orientation and/or the {0001} 

polar facets leads to a highly enhanced photocatalytic activity of the ZnO nanostructures.
[12]

 Thus, 

the way to design the micro/nanostrucutre to increase the amount and/or ratio of polar facets on 

the surface by a controllable synthesis is crucial for ZnO photcatalysis. 
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2. ZnO mesoporous single-crystal nanosheets 

2.1 Motivation and experimental setup 

2.1.1 Motivation 

Two dimensional (2D) ZnO nanostructures, because of their high anisotropy and nanometer-

scale thickness, possess outstanding properties, and therefore have recently aroused extensive 

attention.
[13-15]

 This unique morphology generates a specific surface atomic configuration and a 

high exposure degree of active crystal facets, leading to new physicochemical properties such as 

enhanced adsorption capability and catalytic selectivity.
[16]

 On the other hand, 2D nanostructures 

are considered as an ideal system for dimensionally confined transport phenomenon 

investigation due to electron collection improvement.
[17]

 In particular, the 2D single crystal 

nanosheet results in photogenerated charges smoothly travelling through the structure and thus 

accelerating the charge transport. Thus, it is conceivable that 2D ZnO single-crystal nanosheets 

with a porous structure and exposed {0001} polar facets are likely a promising material for 

enhancement of the photocatalytic properties. Indeed, this special structure can not only be 

beneficial for the hole-electron separation and the electron transportation, but also enhance the 

selective adsorption and photodegration of organic molecules. 

The morphology and crystal orientation of the ZnO mesoporous single-crystal nanosheets has 

been investigated by TEM and SAED. The highly degree of crystallinity and exposed facets 

could be revealed by HRTEM and simulation. On the basis of the TEM investigation of the 2D 

structure, the adsorption selectivity and photocatalytic activity in cationic, anionic and neutral 

organic molecules could be studied by photocatalytic decomposition under UV-light. 

2.1.2 Experimental setup 

First, characterization techniques including SEM, XRD, and N2 sorption, are used to demonstrate 

the morphology and porosity of the as-synthesized ZnO nanosheets. Second, TEM and SAED 

characterization are carried out to reveal the nanostructure and crystallinity of the material. Third, 

HRTEM and simulation are used to image the surface atomic configuration of the ZnO 
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mesoporous single-crystal nanosheets. Further, photocatalytic decomposition is applied onto 

three different structured ZnO samples, as well as on three organic pollutants with different 

electronic charges. These results will help to understand the selective adsorption and 

photodegration of ZnO nanomaterials by combining the nanostructure and property 

information.
[18]

 

2.2 Structure and morphology 

2.2.1 Synthetic approach and morphology 

Figure 4.2.1a illustrates the schematic synthesis strategy of ZnO mesoporous single-crystal 

nanosheets (named ZnO-MSN). Well dispersed and single polymeric colloids were used as 

template to create mesoporosity in the ZnO single-crystal nanosheets. The polymer colloids were 

dispersed in EG(ethylene glycol)-capped ZnO nanoparticles to form a ZnO/colloids suspension, 

which was slowly filtrated to get a layer of assembled ZnO/colloidal composites (Figure 4.2.1b). 

During the combustion process, the polymer colloids tend to soften and deform to small 

fragments. After the total combustion of the small fragments, mesoporous nanosheets are 

obtained (Figure 4.2.1a). The EG-capped ZnO nanoparticles can affect the interaction between 

the ZnO nanoparticles and the colloidal spheres and are favourable for the nanosheet formation 

during the calcination process. Without polymer colloids, only∼30 nm irregular ZnO 

nanoparticles can be obtained. As ZnO nanostructures easily grow along the {0001} polar 

facets,
[19-21]

 the inserted colloidal spheres not only offer the porous structure, but also direct the 

aggregation of EG-capped ZnO nanoparticles, leading to the exposure of {0001} polar facets 

within the formed mesopores during the colloidal template combustion. 
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Figure 4.2.1 (a) Schematic illustration of the ZnO-MSN synthesis, (b) SEM images of the layer 

assembled ZnO/P (St-MMA-SPMAP) composites with the inset showing a perspective view of the 

schematic structure, (c) low magnification SEM image with the inset showing the thickness of 

ZnO-MSN and (d) high magnification SEM image of ZnO-MSN. 

2.2.2 Structure 

Figure 4.2.1c presents an overview of ZnO-MSN over a large area, indicating a high yield and 

uniformity of the structure. Figure 4.2.1c inset reveals a ZnO-MSN thickness of ∼35 nm. Figure 

4.2.1d gives a high magnification SEM image, displaying an interconnected pore network with a 

uniform pore size in the range of 20-50 nm. The XRD pattern collected from the product (Figure 

4.2.2a) confirms the high crystallinity of the as-synthesized porous nanosheet. All diffraction 

peaks match well with the hexagonal wurtzite-structure of ZnO (JCPDS No. 079-2205).The 

mesoporous structure is further confirmed by the N2 adsorption–desorption isotherm (Figure 

4.2.2b), which gives a specific BET surface area of 20 m
2
g

-1
and an average pore size of 35 nm 

(Figure 4.2.2b inset), being in very good agreement with the SEM observations (Figure 4.2.1c 

and d). 
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Figure 4.2.2 (a) The XRD pattern, (b) N2 adsorption-desorption isotherm and the pore 

distribution (inset) of ZnO-MSN 

The TEM images further reveal the porous structure and the single-crystal nature of ZnO-MSN, 

confirming a pore-size ranging from 20 nm to 50 nm (Figure 4.2.3). Our intensive TEM 

observations demonstrate that nearly all flat-lying nanosheets are orientated along either the [10–

10] or the [–12-10] zone axis. To confirm the single-crystal nature of the nanosheets, we 

conducted intensive selected area electron diffraction (SAED) upon random areas from different 

nanosheets using the largest selected-area aperture available (Figure 4.2.3a and d upper insets 

and Figure 4.2.4). All the SAED patterns show neither continuous diffraction rings nor other 

diffraction spots along other zone axes, confirming the single-crystal nature of the nanosheets. 

Representative images are shown in Figure 4.2.3a and d, respectively. Corresponding 

orientations of the nanosheets are respectively [10–10] (Figure 4.2.3a upper inset) and [–12-10] 

(Figure 4.2.3d upper inset). This can be explained from the ZnO single-crystals growth.
[19-21]

 

Because the {−12-10} and {10–10} facets are non-polar surfaces and have a lower surface 

energy than the polar surface formed by positively charged Zn-(0001) (Zn terminated) or 

negatively charged O-(000-1) (O-terminated) surface the {−12-10} and {10–10} facets are, in 

general, largely exposed (Figure 4.2.3b, c and e, f). EG-capped ZnO nanoparticle nucleation and 

colloidal sphere calcination however, lead to mesopores formation and exposure of the {0001} 

polar facets within the mesopores, as schematically presented in Figure 4.2.3b and e. It is thus 

the presence of the colloidal spheres that lead to the generation of mesopores and exposed {0001} 

polar facets. 
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Figure 4.2.3 (a) and (d) low magnification TEM images and their corresponding enlargement of 

the indicated areas (lower insets) and SAED patterns (upper insets), (b) and (e) two schematic 

models of ZnO-MSN along (0001) direction, (c) and (f) models of atomic columns along [10-10] 

and [-12-10] zone axes, respectively. 
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Figure 4.2.4 (a and d), (b and e), (c and f), different TEM images and corresponding selected 

area diffraction patterns from randomly selected nanosheets indicated by red circles respectively. 

A close and detailed observation of ZnO-MSN was carried out to confirm the (0001) polar 

surface in the porous single-crystal nanosheet structure. Figure 4.2.5a demonstrates a full-scale 

HRTEM image of one nanosheet. The atomic resolution image in zone1 clearly demonstrates a 

(0001) polar surface. The sharp edge of the pore is free of amorphous contamination (Figure 

4.2.5b). Although some contrast changes can be observed in zone 2 (Figure 4.2.5c), the HRTEM 

image still reveals the perfect ZnO crystal lattice without obvious dislocations. We presume this 

situation is mainly caused by the different thickness of the nanosheets. Similar to zone 2, the 

whole area of zone 3 is still a single-crystal without any apparent defects (Figure 4.2.5d). At 

zone 4, a typical edge dislocation is observed (Figure 4.2.5e). This defect does not destroy the 

single-crystal nature of the nanosheet. Most of the contrast changes are caused by the thickness 

changes and eventual distortion of crystal by the presence of isolated dislocations. A HRTEM 

simulation along [10–10] using the multislice method
[22]

 is shown in Figure 4.2.5b as inset, and 

the positions of Zn (blue) and O (red) columns are indicated. The polar termination on the 
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exposed facets induced by the presence of the pores is therefore unambiguously determined. 

However, it is hard to differentiate the positively charged Zn-(0001) (Zn terminated) surface 

from the negatively charged O-(000-1) (O-terminated) surface from the HRTEM. In addition, 

other techniques, such as negative Cs imaging
[23]

 and the combination of ABF and ADF in 

STEM mode
[24-25]

, can be used to distinguish Zn and O terminals. 

 

Figure 4.2.5 (a) HRTEM overview of one mesopore, (b) atomic resolution TEM image indicated 

in (a) as zone 1 (red box) and simulated image (inset): Zn columns (blue) and O columns (red), 

(c–e) corresponding magnified atomic resolution TEM images indicated in (a) with red boxes (c: 

zone 2, d: zone 3, e: zone 4). 

2.3 Photocatalytic decomposition 

It is found that different crystalline orientations possess different electronic, optical and acoustic 

properties,
[26]

 and previous reports suggested that the polar facets with a positive Zn-(0001) or 

negative O-(000-1) surface lead to a significantly photocatalytic activity enhancement on single 
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organic pollutant molecules.
[12]

 The photocatalytic performance of ZnO with exposed {0001} 

polar facets for different charged organic molecules has seldom been reported though. 

Investigating the photocatalytic performance of ZnO-MSN for different charged molecules is 

likely not only a promising approach to better understand the photocatalytic reaction mechanism 

of ZnO-MSN with exposed {0001} polar facets but is also more close to the reality of polluted 

water. Furthermore, it is possible to distinguish the photodegradation sequence of differently 

charged molecules and Zn or O termination of the exposed {0001} polar facets through the 

interaction between ZnO and the organic molecules. 

Three differently charged organic model molecules, cationic rhodamine B (RhB, C28H31ClN2O3), 

anionic methyl orange (MO, C14H14N3NaO3S) and neutral phenol (C6H6O) have been used. The 

experiments were firstly performed using RhB, MO and phenol, respectively. Then a mixture of 

these organic molecules was used to study the effect of exposed {0001} polar facets on the 

photocatalytic activity and the selectivity of ZnO-MSN towards these model molecules. 

The photocatalyst has been immersed in dark for 1 h in an aqueous solution containing single or 

mixed pollutant molecules to study their adsorption behaviors (left region in Figure 4.2.6a and b). 

It is evidenced that in both cases, single or mixed pollutant molecules, that the adsorption 

capacity of ZnO-MSN towards cationic RhB is much higher than towards neutral phenol and 

anionic MO. In the presence of single pollutant molecules, the adsorption capacity of ZnO-MSN 

towards organic molecules varies from 23.2% RhB to16.9% phenol and to 7.1% MO. In the 

mixed pollutant molecules solution, there is an adsorption competition among the differently 

charged molecules. It is interesting to note that the same trend is observed with a much higher 

adsorption capacity towards RhB (18.8%) compared to phenol (10.7%) and MO (1.6%) due to 

the preferential adsorption for cationic RhB. This indicates that ZnO-MSN presents a higher 

adsorption selectivity toward RhB than MO and phenol. The adsorption of MO on ZnO-MSN is 

much less favorable. This analysis implies that ZnO-MSN contains more negatively charged O-

terminated (000-1) surfaces, generating more Coulombic attraction with positively charged RhB. 

Under simulated solar light illumination, the photodegradation of organic molecules occurs. It is 

clear that the photodegradation of RhB is the quickest (right region in Figure 4.2.6a and b). In the 

single pollutant molecules solution, the degradation rates for RhB, MO and phenol are 5.8×10
−2

, 

4.1×10
−2

 and 1.7×10
−2

, respectively. In the mixed pollutant molecules solution, the degradation 
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rate changes from 2.0×10
−2

 for RhB, 0.94×10
−2

 for MO to 0.68×10
−2

 for phenol due to the 

competition effect. Compared to the presence of single pollutant molecules, the degradation rate 

of cationic RhB in the mixture is much higher than those of anionic MO and neutral phenol. 

These results demonstrate that the ZnO-MSN has the highest selective adsorption and the highest 

photodegradation activity towards RhB.  

Table 4.2.1 Structural parameters and zeta potential results of different catalysts 

Samples 

ZnOmesoporous single-

crystal nanosheets 

(ZnO-MSN) 

ZnO nanoparticles 

(ZnO-NP) 

ZnO commercial 

nanoparticles 

(ZnO-CNP) 

Morphology 

   
BET surface area 

(m
2
g

-1
) 

20 42 38 

Pore size 

(nm) 
35 12 21 

Average potential 

(mV) 
5.1±0.5 5.2±0.5 15±0.5 
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Figure 4.2.6 (a) comparison of the photocatalytic decomposition of a single pollutant and (b) 

mixed molecules on ZnO-MSN, (c) surface normalized adsorption and (d) surface normalized 

photocatalytic rates of ZnO-MSN, ZnO-CNP and ZnO-NP towards the mixed molecules. 

In order to further investigate the adsorption selectivity of ZnO-MSN and prove the effect of 

polar facets and the single-crystal nature on the photocatalytic efficiency, ∼30 nm ZnO-NP with 

a specific BET surface area of 42 m
2
g

−1
 and ∼30 nm irregular ZnO commercial nanoparticles 

(ZnO-CNP) with specific BET surface area of 38 m
2
g

−1 
were used in this experiment. Table 4.2.1 

presents the structure parameters in detail. To exclude the surface area effect, surface normalized 

adsorption of these different molecules is conducted on ZnO-MSN, ZnO-NP and ZnO-CNP 

(Figure 4.2.6c). All the samples demonstrate no obvious difference towards neutral phenol. 

However, both the ZnO-MSN and ZnO-NP show significantly selective adsorption towards 

anionic MO. Particularly the ZnO-MSN demonstrates a much less adsorption capability towards 
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MO, almost 4 times lower than that of ZnO-NP, indicating high repulsion to anionic MO. Further, 

the ZnO-MSN displays an almost three times higher adsorption capability towards cationic RhB 

compared to the ZnO-NP. This implies that ZnO-MSN presents a highly selective adsorption 

toward positively charged RhB and almost no adsorption towards negatively charged MO 

compared to ZnO-NP. This high contrast towards positively charged RhB and negatively 

charged MO also indicates that ZnO-MSN contains more negative charged O-terminated (000-1) 

surfaces, leading to more Coulombic attraction with positively charged RhB and Coulombic 

repulsion with negatively charged MO. To confirm the presence of more negatively charged O-

terminated (000-1) surfaces in the porous ZnO-MSN, the zeta potential measurement was carried 

out. Table 4.2.1 shows the values of the three samples. The value of ZnO-CNP is 15, which is 

three times higher compared to those of ZnO-MSN and ZnO-NP. This indicates the presence of 

more negatively charged O-terminated (000-1) surfaces in the porous ZnO-MSN. It is interesting 

to note that the zeta potential of ZnO-NP is very close to ZnO-MSN. This means that the ZnO-

NP also has more negatively charged O-terminated (000-1) surfaces. It is reasonable because 

both the ZnO-MSN and ZnO-NP are prepared from EG-capped ZnO nanoparticles. Figure 4.2.6d 

presents the normalized photocatalytic rates of ZnO-MSN, ZnO-CNP and ZnO-NP for the mixed 

pollutant molecules. It shows that all the samples demonstrate a similar activity trend for the 

three pollutant molecules. Both the ZnO-MSN and ZnO-NP demonstrate much higher 

photocatalytic rates than the ZnO-CNP due to the more negatively charged O-terminated (000-1) 

surfaces. The ZnO-MSN displays the highest photocatalytic rates. Therefore, the high 

preferential adsorption selectivity and extraordinary performance of ZnO-MSN in 

photodegradation of organic molecules are closely related to its special structure. The more O-

terminated (000-1) surfaces among the {0001} polar facets have a high chemical reactivity, 

leading to a significant photocatalytic activity enhancement. On the other hand, the single-crystal 

structure of ZnO-MSN provides direct electrical pathways for photogenerated charges smoothly 

travelling through the nanosheet to accelerate the generated electron-holes separation and the 

electron transport,
[27]

 resulting in the best photocatalytic rate. In addition, the mesoporosity of 

ZnO-MSN is beneficial for molecules diffusion to the catalyst surface. Therefore, the synergy of 

the mesoporosity, the exposed {0001} polar facets and the single crystal nature makes ZnO-

MSN display the highest photocatalytic rate for RhB as schematic illustrated in Figure 4.2.7. 
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Figure 4.2.7 Schematic mechanism illustration of the photocatalytic decomposition of different 

charged organic molecules on ZnO-MSN. 

2.4 Conclusions 

We have studied 2D ZnO mesoporous single-crystal nanosheet (ZnO-MSN) synthesized via an 

intriguing colloidal templating approach. A comprehensive investigation of microstructures, 

catalytic properties and the synthesis mechanism has been performed. Using a combination of 

TEM and SEAD on ZnO mesoporous nanosheets, we have successfully demonstrated that the 

whole ZnO mesoporous nanosheet is one uniform highly crystalline ZnO single crystal. Further 

studies using HRTEM and simulation have revealed that the polar termination on the exposed 

facets is induced by the presence of the pores. 

Such unique ZnO-MSN with single-crystal nature and {0001}polar facets in the porous structure 

shows a highly preferential selectivity and a significantly higher photodegradation rate for 

cationic RhB because of its single-crystal nature, porous structure and more exposed {000-1} 

polar facets with O-termination compared to ZnO-CNP. The single-crystal nature results in a 

better photocatalytic activity of ZnO-MSN than that of ZNO-NP. The ZnO-MSN with exposed 

{0001} polar facets is expected to be useful also for other applications such as solar cells, 

photocatalytic water-splitting and gas sensing. 
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3. CdS@ZnO inverse opal nanocomposites 

3.1 Motivation and experimental setup 

3.1.1 Motivation 

The ZnO/CdS photocatalyst is a promising system because of its special physical and chemical 

properties. On the one hand, ZnO is a direct bandgap semiconductor with high absorption 

efficiency of solar light, 
[28-29]

 high exciton binding energy and high electron mobility.
[30]

 On the 

other hand, the appropriate and suitable conduction bands (CB) and valance bands (VB) of CdS 

and ZnO are beneficial for improving the separation efficiency of the carriers. Meanwhile, CdS 

has a high optical absorption coefficient and a crystal lattice similar to ZnO, which facilitates a 

close interaction between both semiconductors. 
[30-31]

 Last but not the least, the photogenerated 

electron injection efficiency from CdS into ZnO is much less efficient, which can be considered 

as an effective system to realize the desirable reverse carriers transfer and hence to possess a 

favorable photocatalytic water splitting capability.
[32-33]

 Recently, most studies have focused on 

the 1D ZnO/CdS heterostructure photocatalysts considering its superior charge carrier transport 

capability by substantially lowering grain boundary recombination.
[33-35]

 Engineering 3D 

hierarchical porous ZnO/CdS heterostructure photocatalysts are rarely considered although they 

can strongly affect light absorption, charge separation and photogenerated electrons and holes 

transfer.
[36-37]

 Among them, the photonic crystal structure can enhance the photoabsorption and 

photoconversion efficiency resulting in a highly enhanced photocatalytic activity, due to the slow 

photon effect.
[38-39]

 At present, hybrid or multi-semiconductor composites based on this photonic 

structure are still limited for photocatalytic H2 production. 

The result of our research is a hierarchically inverse opal structured ZnO framework coated with 

CdS nanoparticles via successive ion layer absorption and reaction (SILAR) method.
[39]

 The 

morphology could be determined by SEM, (S)TEM. The highly degree of crystallinity of CdS 

and ZnO could be revealed by SAED and HRTEM. The local elemental composition could be 

investigated by STEM-EDX. Based on the TEM results of this hybrid structure, the enhancement 

of heterostructure and photonic crystal structure for photocatalysis can be studied by 

photocatalytic hydrogen production under visible and simulated sun light. 
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3.1.2 Experimental setup 

SEM characterization is used to demonstrate the morphology of the as-synthesized CdS/ZnO 

nanocomposites. TEM, SAED and HRTEM characterization is carried out to reveal the 

nanostructure and crystallinity of the material. STEM-EDX is used to image the CdS coating 

shell and the ZnO framework core. Further, the photocatalytic hydrogen production is tested onto 

three different structured CdS/ZnO samples under visible and simulated sun light. These results 

will help to understand the enhancement of heterostructure for photocatalysis between ZnO and 

the other semiconductor, and slow down the photon effect in photonic crystal structures. 

3.2 Structure and morphology 

3.2.1 Synthetic approach and morphology 

The sample is referred to as "CdS@ZnO-IO-290", where "CdS@ZnO-IO" is short for "CdS at 

ZnO inverse opal nanocomposite ", and "-290" represents the size of the macropores. By analogy, 

CdS@ZnO-IO-230 and CdS@ZnO-IO-440 only differ in the size of the marcropores. All these 

samples are synthesized by coating CdS nanoparticles onto a ZnO inverse opal (ZnO-IO) 

framework via successive ion layer absorption and reaction (SILAR) method.
[33, 39]

 Figure 4.3.1a 

illustrates the synthesis process for the CdS@ZnO-IO samples. Figure 4.3.1 b-d show the SEM 

images of the synthesized CdS@ZnO-IO with different macropore diameters. The hexagonal 

close-packed structure is well copied from the hexagonally packed colloidal crystal templates. 

After coating the CdS nanoparticles on the ZnO-IO samples, the average pore diameters for 

CdS@ZnO-IO-230, CdS@ZnO-IO-290, and CdS@ZnO-IO-440 are ~200, 240 and 360nm, 

indicating a 10nm thickness of the CdS shell (Figure 4.3.1 b-d). In that way we have successfully 

prepared highly ordered, continuous and high quality CdS@ZnO-IO nanostructures. Altough the 

inverse opal morphology has been confirmed by SEM, the nature and degree of CdS coating 

nanoparticles are still unclear. In order to elucidate the details of the CdS shell structure, we 

carried out TEM and STEM-EDX measurements on the sample. 
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Figure 4.3.1 (a) Schematic illustration for the preparation of ZnO-IO and ZnO@CdS-IO, (b-d) 

SEM images of the as-prepared ZnO@CdS-IO-230 (b), ZnO@CdS-IO-290 (c), and ZnO@CdS-

IO-440 (d). 

3.2.2 Structure 

As the only difference for these CdS@ZnO-IO samples is the diameter of the macro pores, 

CdS@ZnO-IO-290 is selected to demonstrate the morphology and the quality of the CdS@ZnO 

inverse opal structures. Figure 4.3.2a presents a typical image of the CdS@ZnO-IO structure; the 

corresponding SEAD shows a mixture of CdS (CdS {111} (ring pattern) and ZnO (ZnO (0002), 

(01-11), (01-10)) diffraction spots indicated in Figure 4.3.2b, which reveals the high degree of 

crystallinity. Figure 4.3.2c presents the HRTEM image from the enlarged squared area in Figure 

4.3.2a. It is interesting to note that the left part of the HRTEM image shows a single-crystal-like 

structure. This indicates that the ZnO nanoparticles from the inverse opal structure have similar 

orientation, suggesting quasi-single crystal domains in the ZnO inverse opal structure. We 

performed FFT from the whole area as shown in Figure 4.3.2c inset. The FFT image clearly 

displays the main zone axis of ZnO along [2-1-10], confirming the quasi-single crystal structure 
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of the ZnO-IO framework. This is very useful for photogenerated electron-hole separation and 

the electron transportation. The CdS {111} ring reveals that the CdS crystals coated on the 

surface of the framework have different orientations. The enlarged image of a zone on the 

surface presents the CdS crystal along the [10-1] zone axis (Figure 4.3.2d), further revealing the 

CdS polycrystalline coating on to the ZnO-IO framework. However, details on the interface 

between CdS and ZnO cannot be observed from these TEM results. 

 

Figure 4.3.2 (a) TEM image; (b) SEAD pattern of the whole area in (a); (c) HR-TEM image of 

the area indicated in (a) and FFT image (inset); (d) Enlarged image of the area indicated in (c) 

and FFT image (inset) 
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We have also randomly selected other regions of CdS@ZnO-IO-290 to map the CdS distribution 

onto the ZnO-IO framework via HAADF-STEM-EDX mapping at different magnifications 

(Figure 4.3.3. a-c). The uniform distribution of Zn, Cd and S is clearly observed, showing the 

consistent aggregation of CdS on the surface with a ~10nm CdS shell. The result clearly 

confirms that the CdS crystals successfully coat the ZnO-IO framework to form a core-shell 

inverse opal structure. 

 

Figure 4.3.3 (a), (b) and (c) HAADF-STEM images at different magnifications of one typical cell 

of the inverse-opal structure; (a1-5), (b1-5) and (c1-5) EDX color maps 

3.3 Photocatalytic Hydrogen Production 

The hydrogen production of the CdS@ZnO-IO samples is then carried out under visible light 

(Figure 4.3.4a) and simulated solar light (Figure 4.3.4c). It obliviously shows a highly improved 

hydrogen production for simulated solar light compared to visible light irradiation. The hydrogen 

production is 199, 242 and 71 mmol/g for CdS@ZnO-IO-230, CdS@ZnO-IO-290 and 

CdS@ZnO-IO-440 under simulated solar light, which is much higher than the hydrogen 

production under visible light (74, 87 and 49 mmol/g respectively). Similarly, the photocatalytic 

H2 production rates (Figure 4.3.4d) under simulated solar light irradiation increase to 39.4, 48.7 

and 14.3 mmol/g/h respectively (under visible light, 15.1, 17.6 and 9.8 mmol/g/h, Figure 4.3.4b).  
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Under visible light irradiation, only CdS can generate electrons and holes and the photogenerated 

electrons can transfer from CB of CdS to CB of ZnO (Figure 4.3.4e). This can effectively 

separate the photogenerated electrons and holes for enhanced H2 production. However, under 

simulated solar light irradiation, both ZnO and CdS can generate electrons and holes to work as a 

Z-scheme system,
[40-41]

 which means that the photogenerated electrons on CB of ZnO tend to 

transfer to VB of CdS and recombine with the photogenerated holes of CdS due to the shorter 

pathway between CB of ZnO and VB of CdS than CB and VB of ZnO (Figure 4.3.4f). Thus, the 

recombination of a CB electron from ZnO with a VB hole from CdS can greatly prolong the 

decay lifetime of carriers in the CdS@ZnO-IO heterostructure to efficiently facilitate charge 

separation. Namely, the CdS@ZnO-IO heterostructure can accomplish the spatial separation of 

the photogenerated electrons and holes, resulting in an efficient electron transfer for H2 

production. In addition, the quasi-single crystal ZnO-IO framework is also beneficial for electron 

transport in the hererostructure.  

Moreover, CdS@ZnO-IO-230 and CdS@ZnO-IO-290 samples are always exhibiting a higher 

amount and rate of photocatalytic H2 production than the CdS@ZnO-IO-440 sample under both 

visible light and simulated sun light. These differences should originate from the slow photon 

effect,
[42-43]

 which means that the reflection of incident light is effectively suppressed and slowed 

down. As a result of the slow photon effect, the deeper light penetration inside the structure 

increases the interaction between light and ZnO/CdS to enhance light absorption at the band 

edges. However, for the CdS@ZnO-IO-440 sample, the incident light may be mostly reflected, 

which leads to less generated electrons and holes, resulting in very low photocatalytic activity. 

Therefore, under the simulated solar light irradiation, the coupling of the slow photon effect with 

the Z-scheme mechanism in the CdS@ZnO-IO heterostructure exhibits a dramatically enhanced 

H2 production compared with only the slow photon effect under visible light irradiation. 

According to their H2 production rates, the Z-scheme system can further improve their activities: 

161% enhancement for CdS@ZnO-IO-230, 177% enhancement for CdS@ZnO-IO-290 and 46% 

enhancement for CdS@ZnO-IO-440. This result illustrates that the integration of two or more 

desirable semiconductor systems based on Z-scheme and slow photon effect is of importance in a 

better realization of water splitting under solar light. 
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Figure 4.3.4 (a, b) photocatalytic H2 production (a) and calculated H2 evolution rates (b) under 

visible light, (c, d) photocatalytic H2 production (c) and calculated H2 evolution rates (d) under 

simulated solar light, (e, f) illustration of two different internal electron-transfer processes for 

CdS@ZnO-IO samples under visible light (e) and simulated solar light (f). 
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3.4 Conclusions 

Highly ordered and continuous hierarchical 3D CdS@ZnO inverse opal nanocomposites are 

successfully prepared via successive ion layer absorption and reaction (SILAR). A 

comprehensive investigation of nanostructures, catalytic properties and the synthesis mechanism 

has been performed. Using a combination of TEM, SEAD and HRTEM on CdS@ZnO inverse 

opal nanocomposites, we have successfully demonstrated that the sample has the hexagonal 

wurtzite ZnO and the cubic CdS crystal structure for the nanoparticles; all with a high degree of 

crystallinity. Further studies using STEM-EDX have revealed that the quasi-single crystal ZnO 

inverse opal framework has been successfully coated with CdS nanoparticles. 

The obtained CdS@ZnO-IO samples show that an outstanding photocatalytic activity due to the 

synergistic effect between the heterostructure of the two semiconductors and the slow photon 

effect of the inverse opal structure. We believe that this synergy can be extended to more 

semiconductor composites in a water splitting system. 

 

4. Experimental section 

4.1 Sample synthesis 

All samples used in this chapter were synthesized in the Laboratory of Living Materials at 

Wuhan University of Technology, China. 

4.1.1 ZnO-MSN related samples  

Polymer colloidal sphere preparation 

The 250 nm monodispersed colloids of poly(styrene-methyl methacrylate-sulfo propyl 

methacrylate potassium) (abbreviated as P(St-MMA-SPMAP)) beads were synthesized by a 

soap-free emulsion polymerization: 22.5 mL styrene, 1.25 mL methyl methacrylate (MMA) 

and110 mL water were heated to 70°C under N2 atmosphere. 10 mL water with 0.4 g ammonium 
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persulfate, 0.8 g ammonium bicarbonate and 0.3 g sulfo propyl methacrylate potassium (SPMAP) 

were added to initiate the polymerization reaction, which was stopped after 8 h. 

ZnO-MSN preparation 

The 2D ZnO mesoporous single-crystal nanosheets were synthesized as follows: first, 0.01 mol 

Zn(Ac)2·2H2O was dissolved in 20 mL ethylene glycol (EG) at room temperature and then 

transferred to a Teflon-lined stain-less steel autoclave and heated at 160°C for 1 h. After the 

mixture was cooled to room temperature, the EG-capped ZnO nanoparticles were obtained and 

further dispersed in ethanol to form EG-capped ZnO suspension. Then 20 mL P(St-MMA-

SPMAP) monodispersed colloids were added into EG-capped ZnO suspension and stirred for48 

h at room temperature. The ZnO/P(St-MMA-SPMAP) composites were slowly filtrated and 

dried at 40◦C for self-assembling into layered structure. The resulting layered ZnO/P(St-MMA-

SPMAP)composites were calcined at 300°C for 2 h and subsequently raised to 450°C for 8 h. 

Finally, 2D ZnO-MSN was obtained after cooling down to room temperature. 

ZnO-NP preparation 

0.01 mol Zn(Ac)2·2H2O was dissolved in 20 mL EG at room temperature and then transferred to 

a Teflon-lined stainless steel autoclave and heated at 160°C for 1 h to obtain the EG-capped ZnO 

nanoparticles. Then the EG-capped ZnO nanoparticles were washed by absolute ethanol and 

water for several times and calcined at 450◦C for 8 h. Finally, ZnO-NP was obtained after 

cooling down to room temperature. 

4.1.2 CdS@ZnO-IO related samples 

ZnO-IO samples preparation 

Highly ordered and continuous ZnO-IO samples (ZnO inverse opal structured nanomaterial) 

coated on a FTO (fluorine doped tin oxide) glass substrate with different air sphere sizes are 

successfully prepared by a metal salt-based sol-gel infiltration. The detailed synthesis procedure 

is described in our previous works.
[43]

 Three different sized colloidal templates ranging from 

230nm to 290nm and 440 nm have been used in this work. After removing the templates by 

calcination, various ZnO-IO samples with different pore size were obtained.  
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CdS@ZnO-IO samples preparation 

To obtain 3D CdS@ZnO-IO, the CdS shell layer is coated on the ZnO-IO film by SILAR 

(successive ion layer absorption and reaction) technique similar as previous reports. Typically, 

the ZnO-IO film is successively immersed in a solution containing 0.5 M Cd(NO3)2 in ethanol 

for 5 min, to allow Cd
2+

 to adsorb onto the ZnO-IO film, and then rinsed with ethanol for 5min 

to remove the excess Cd
2+

. Then the film is rinsed into a solution containing 0.5 M Na2S in 

methanol for 5min, to allow S
2-

 to adsorb onto ZnO-IO film and to react with pre-adsorbed Cd
2+

 

to form the desired CdS. The above procedure is termed as the SILAR cycle and the loading of 

CdS can be increased by repeating the assembly cycles. This immersion cycle is repeated for 8 

cycles in this study. The final samples are designated as CdS@ZnO-IO-230, CdS@ZnO-IO-290 

and CdS@ZnO-IO-440, respectively. 

4.2 Electron microcopy characterization 

TEM and SAED 

TEM and SAED experiments were carried out on a JEOL3000F, operated at 300 kV with a point 

resolution of 0.19nm. 

HRTEM 

The HRTEM experiments were performed on a FEI Titan 80-300 "cubed" microscope fitted with 

an aberration-corrector for the imaging mode as well as for the probe forming mode, operated at 

300 kV. 

SEM 

SEM was performed on a Hitachi S4800 with a field-emission gun, operated at 5 kV and 10 μA. 

4.3 Other characterizations 

XRD 

Powder samples were measured using a Bruker D8 Advance diffractometer with Cu Kα 

monochromated radiation (λ =1.5418 Å). 
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N2 sorption 

The Brunauer-Emmett-Teller (BET) specific surface area of the samples was analyzed by 

nitrogen adsorption in a Micromeritics Tristar II 3020 nitrogen adsorption–desorption apparatus 

according to the Barret–Joyner–Halenda (BJH) method from the N2 adsorption isotherms. 

4.4 Photocatalytic activity measurements 

4.4.1 Photocatalytic activity of ZnO-MSN related samples 

The photocatalytic activity of the products was investigated using RhB, MO and phenol aqueous 

solutions. The reactor was illuminated under simulated solar light (250-780 nm, PLS-SXE-

300UV with an UV light intensity of 34 mW cm
−2

and a visible light intensity of 158 mW cm
−2

, 

Beijing) from a distance of 30 cm at room temperature. For the single pollutant, the 

concentration of RhB, MO and phenol was ∼1×10
−5

mol/L, respectively. For the mixed 

pollutants, the concentration of RhB, MO and phenol was 0.65×10
−5

mol/L, 0.7×10
−5

mol/L and 

3.7×10
−3

mol/L, respectively. Experiments were conducted as follows: 100 mg catalysts were 

added into the reactor containing 100 mL organic pollutant solution. The solution was 

magnetically stirred in the dark for 1 h to achieve adsorption–desorption equilibrium and then 

illuminated under simulated solar light.1 mL solution was taken out and evaluated using UV2550 

(SHIMADZU) UV–vis spectrometer at 10 min or 30 min interval. 

4.4.2 Photocatalytic activity of CdS@ZnO-IO related samples 

Typically, the photocatalytic H2 production is performed in a Pyrex reactor with an entry 

window of optical quartz glass. One piece of the obtained CdS@ZnO-IO sample coated on the 

FTO substrate (geometrical area of each piece is 2cm×2cm) is placed in the reaction cell with 

100mL of an aqueous solution containing 0.1M Na2S and 0.1 M Na2SO3 as the sacrificial agents. 

The light source is irradiated under mimic solar light irradiation (250nm-780nm, PLS-SXE-

300UV with an UV light intensity of 34 mW cm
-2

 and a visible light intensity of 158 mW cm
-2

, 

Beijing). When under UV light irradiation, the light passes through a cutoff filter (λ >420 nm). 

The amount of produced H2 is analyzed using on-line GC with TCD using N2 as carrier gas. 
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1. Summary 

Hierarchically structured nanomaterials have wide applications in catalysis, optics, life science 

etc., and are featured by structural complexity. Electron microscopy is an ideal method to 

investigate the hierarchical structure. The combination of imaging and spectroscopy techniques 

in electron microscopy provides us with the opportunities to study a broad class of hierarchically 

structured nanomaterials. In this PhD work, electron microscopy is used to investigate the 

hierarchical structure, from micrometer level to atomic scale. The structure is linked to the synthesis 

and properties to reveal the relationship between them and to further optimize the synthesis approach. 

Due to the complexity of the hierarchical structures with hybrid composites, the examined 

materials in this PhD work are roughly organized in three groups as follows: 

Chapter II: Silicon oxide based hierarchically structured nanomaterials 

In this chapter, the hierarchical structures are investigated by TEM techniques comprehensively. 

Further, the influence of the determined structures on the improvements for catalytic properties is 

discussed. The detailed structural analyses on a series of samples with different synthetic 

parameters allow us to understand the synthesis mechanism and to synthesize materials in a 

controllable manner.  

In the first part, the hierarchically structured ZSM-5 zeolite catalyst is used as an example to 

perform a comprehensive investigation of structures, catalytic properties and the synthesis 

mechanism. The beam-sensitive zeolite particles which are highly crystalline are investigated by 

the combination of SAED and HRTEM. The HAADF-STEM and 3D electron tomography 

reveal that the hierarchical ZSM-5 particles are formed by spherical zeolites adopting a close-

packed FCC stacking into a highly ordered single crystal superstructure. The catalytic properties 

show that the high interconnectivity of the intracrystalline porous hierarchy could strongly 

promote the MTO reaction performance (from the aspect of lifetime and selectivity). 

Simultaneously, the analysis of the crystallization process allows us to unravel the synthesis 

mechanism. 

In the second part, we study porous structured materials loaded with bimetallic nanoparticles 

using Pt-Pd nanoparticles on mesopores (SiO2/C) as an example. The one particle@one cell 
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structure (Pt-Pd nanoparticles immobilized inside the MCF pores) is demonstrated by a 

combined analysis of TEM and HAADF-STEM-EDX. The catalytic property shows that the one 

particle@one cell structure possesses superior electrocatalytic properties and higher durability 

than other structures. Simultaneously, a detailed investigation on the viscosity effect in this 

synthetic approach is performed by electron microscopy, which suggests that the high viscosity 

solvent method can be extended to the synthesis of highly dispersed nanometals in/on all types of 

nanoporous materials. 

Chapter III: Titanium oxide based hierarchically structured nanomaterials 

This chapter focuses on hierarchically structured TiO2-based nanomaterials with heterojunction 

structures for photocatalysis. It is divided into two topics: hierarchical structured nanomaterials 

with a different composite heterojunction (BiVO4/TiO2) and nanomaterials with a TiO2 

polymorph heterojunction (rutile/anatase). The hierarchical structures are studied by TEM and 

are linked to the photocatalytic properties and synthesis for the optimization of the synthesis 

strategy.  

In the BiVO4/TiO2 composite material part, the coupling of the BiVO4 nanoparticles with 3DOM 

structured TiO2 is demonstrated by SEM, TEM and HAADF-STEM-EDX. The outstanding 

photocatalytic activities of BiVO4/3DOM TiO2 nanocomposites demonstrate that adding narrow 

bandgap energy materials as light sensitizers to TiO2 is a very promising method to render 

3DOM TiO2 inverse opals more efficient in the photo-degradation of organic pollutants and in 

the water splitting reaction under visible light. 

In the rutile@anatase core-shell part, the rutile-core and anatase-shell in the yolk structured 

microspheres are fully corroborated from 2D to 3D through SAED, HAADF-STEM-EELS, and 

electron tomography. Relating the detailed structural analysis to the synthesis strategy, the 

mechanism of a crystalline rutile core formation in a spherical anatase shell is proposed, based 

on a statistical analysis of the HAADF-STEM images. The TiCl4 concentration and urea 

concentration in the hydrolyzing solution were defined as critical synthesis parameters which 

influences the yield of yolk spheres. 

Chapter IV: Zinc oxide based hierarchically structured nanomaterials 
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In this chapter, we investigate ZnO nanomaterials with hierarchical structures, including 2D ZnO 

nanosheet and CdS@ZnO inverse opal nanocomposites. Crucial factors in improving the 

photocatalytic properties are discussed in these two cases: surface atomic configuration of ZnO, 

and heterojunction between ZnO and other semiconducting materials. 

The 2D ZnO nanosheet is used to investigate the effect of surface atomic configuration on 

selective adsorption and photodegradation. The combination of TEM and SEAD on ZnO 

mesoporous nanosheets demonstrates that the entire ZnO mesoporous nanosheet is one uniform 

highly crystallized ZnO single crystal. The HRTEM and image simulations reveal that the polar 

termination on the exposed facets is induced by the presence of the pores. The unique ZnO 

nanosheets with a single-crystal nature and {0001} polar facets in the porous structured materials 

present a highly preferential selectivity and a significantly higher photodegradation rate for 

cationic RhB due to its single-crystal nature, porous structure and more exposed {000-1} polar 

facets with O-termination compared to ZnO commercial nanoparticles.  

The improvement of the heterojunction between ZnO and other semiconducting materials for 

photocatalysis is investigated using the example of CdS@ZnO inverse opal nanocomposites. 

Using a combination of TEM, SEAD and HRTEM on CdS@ZnO inverse opal nanocomposites, 

we successfully demonstrate that the sample has the hexagonal wurtzite ZnO and cubic CdS 

crystal structure for the nanoparticles, both at a high degree of crystallinity. The STEM-EDX 

reveals that the quasi-single crystal ZnO inverse opal framework is coated with CdS 

nanoparticles. The as-synthesized CdS@ZnO inverse opal nanocomposites show an outstanding 

photocatalytic activity due to the synergistic effect between the heterostructure of the two 

semiconductors and the slow photon effect of the inverse opal structure.  
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Samenvatting 

Hiërarchisch gestructureerde nanomaterialen hebben een breed scala aan toepassingen in 

katalyse, optiek, life science etc., en worden gekenmerkt door structurele complexiteit. 

Elektronenmicroscopie is een ideale methode om de hiërarchische structuur te onderzoeken. De 

combinatie van beeldvorming en spectroscopische technieken in elektronenmicroscopie biedt 

ons de mogelijkheid om een groot aantal hiërarchisch gestructureerde nanomaterialen te 

bestuderen. In dit doctoraatswerk wordt elektronenmicroscopie gebruikt om de hiërarchische 

structuur te onderzoeken, van micrometerschaal tot op atoomniveau. De structuur wordt 

verbonden met de synthese en de eigenschappen om de relatie tussen beiden bloot te leggen en 

om de synthese-aanpak verder te optimaliseren. Door de complexiteit van de hiërarchische 

structuren met hybride samenstellingen, worden de onderzochte materialen in dit doctoraatswerk 

ruw opgedeeld in drie groepen als volgt:  

Hoofdstuk II: Hiërarchisch gestructureerde nanomaterialen op basis van siliciumoxide 

In dit hoofdstuk worden de hiërarchische structuren uitgebreid onderzocht aan de hand van TEM 

technieken. Verder wordt de invloed van de gevonden structuren op de verbeteringen voor 

katalytische eigenschappen besproken. De gedetailleerde structurele analyses van een reeks 

stalen met verschillende synthetische parameters laat ons toe om de synthesemechanismen te 

begrijpen en om materialen op een controleerbare manier te synthetiseren.  

In het eerste deel wordt de hiërarchisch gestructureerde ZSM-5 zeoliet katalysator gebruikt als 

een voorbeeld om een uitgebreid onderzoek te voeren naar de structuren, katalytische 

eigenschappen en het synthesemechanisme. De stralingsgevoelige zeoliet deeltjes die zeer 

kristallijn zijn worden onderzocht door een combinatie van SAED en HRTEM. De resultaten van 

HAADF-STEM en 3D elektronentomografie tonen aan dat de hiërarchische ZSM-5 deeltjes 

gevormd worden door sferische zeolieten, welke een dichtgepakte FCC stapeling aannemen en 

zo een zeer geordende eenkristalstructuur vormen. De katalytische eigenschappen tonen aan dat 

de hoge interconnectiviteit van de intrakristallijne poreuze hiërarchie de mogelijkheid heeft om 

de MTO reactieprestatie sterk te bevorderen (vanuit het aspect van levensduur en selectiviteit). 
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Tegelijkertijd laat de analyse van de kristallijne processen ons toe om het synthesemechanisme te 

ontleden. 

In het tweede deel bestuderen we poreus gestructureerde materialen die geladen zijn met 

bimetallische nanodeeltjes, aan de hand van Pt-Pd nanodeeltjes op mesopores (SiO2/C) als 

voorbeeld. De ene particle@one celstructuur (Pt-Pd nanodeeltjes vastgezet in de MCF poriën) 

wordt aangetoond door een gecombineerde analyse van TEM en HAADF-STEM-EDX. De 

katalytische eigenschap toont aan dat de ene particle@one celstructuur superieure 

elektrokatalytische eigenschappen bezit en tevens een hogere duurzaamheid dan andere 

structuren. Tegelijkertijd wordt een gedetailleerd onderzoek naar het viscositeit effect uitgevoerd 

in deze synthetische aanpak door elektronenmicroscopie, dat suggereert dat de hoge-viscositeit 

solventenmethode uitgebreid kan worden naar de synthese van erg verspreide nanometalen in/op 

alle types nanoporeuze materialen. 

Hoofdstuk III: Hiërarchisch gestructureerde nanomaterialen gebaseerd op titaniumoxide 

Dit hoofdstuk focust op hiërarchisch gestructureerde TiO2-gebaseerde nanomaterialen met 

heterojunctiestructuren voor fotokatalyse. Het is onderverdeeld in twee onderwerpen: 

hiërarchisch gestructureerde nanomaterialen met een verschillende samengestelde heterojunctie 

(BiVO4/TiO2) en nanomaterialen met een TiO2 polymorfe heterojunctie (rutiel/anatase). De 

hiërarchische structuren worden bestudeerd door TEM en worden verbonden met de 

fotokatalytische eigenschappen en synthese voor de optimalisatie van de synthesestrategie.  

In het BiVO4/TiO2 samengestelde materiaal wordt de koppeling van de BiVO4 nanodeeltjes met 

3DOM gestructureerde TiO2 aangetoond door SEM, TEM en HAADF-STEM-EDX. De 

uitstekende fotokatalytische activiteit van BiVO4/3DOM TiO2 nanocomposieten tonen aan dat 

het toevoegen van materialen met een smalle bandkloofenergie als lichtsensibilisatoren aan TiO2 

een erg beloftevolle methode is om 3DOM TiO2 inverse opalen efficiënter te maken voor de 

fotodegradatie van organische vervuilers en de ontleding van water met zichtbaar licht. 

In het rutiel@anatase kern-schil gedeelte worden de rutielkern en de anataseschil in de “yolk”-

gestructureerde microsferen volledig bevestigd van 2D tot 3D aan de hand van SAED, HAADF-

STEM-EELS en elektronentomografie. Om de gedetailleerde analyse van de structuur te 

verbinden met de synthesestrategie, wordt een mechanisme voor de vorming van een kristallijne 
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rutielkern voorgesteld, gebaseerd op een statistische analyse van de HAADF-STEM beelden. De 

TiCl4 concentratie en de urea concentratie in de hydrolyserende oplossing werden geïdentificeerd 

als kritische synthetische parameters die de opbrengst van de “yolk”-sferen beïnvloeden.  

Hoofdstuk IV: Hiërarchisch gestructureerde materialen gebaseerd op zinkoxide 

In dit hoofdstuk onderzoeken we ZnO nanomaterialen met hiërarchische structuren, inclusief het 

2D ZnO nanoblad en CdS@ZnO inverse opaal nanocomposieten. Cruciale factoren in het 

verbeteren van de fotokatalytische eigenschappen worden besproken voor de atoomconfiguratie 

van het oppervlak van ZnO en de heterojunctie tussen ZnO en andere halfgeleidende materialen. 

Het 2D ZnO nanoblad wordt gebruikt om het effect te onderzoeken van de atoomconfiguraties 

van het oppervlak op selectieve adsorptie en de fotodegeneratie. De combinatie van TEM en 

SEAD resultaten voor ZnO mesoporeuze nanobladen tonen aan dat het hele ZnO mesoporeuze 

nanoblad een uniform hoogkristallijn ZnO eenkristal is. De HRTEM resultaten en 

beeldsimulaties onthullen dat de polaire begrenzing op de blootgestelde facetten geïnduceerd is 

door de aanwezigheid van poriën. De unieke ZnO nanobladen met een eenkristallijne natuur en 

{0001} polaire facetten in de poreus gestructureerde materialen vertonen een erg preferentiële 

selectiviteit en een beduidend hogere fotodegradatiesnelheid voor kationisch RhB, ten gevolge 

van diens eenkristallijne natuur, poreuze structuur en hoger aantal blootgestelde {000-1} polaire 

facetten met O-begrenzing ten opzichte van de commerciële ZnO nanodeeltjes. 

De verbetering van de heterojunctie tussen ZnO en andere halfgeleidende materialen voor 

fotokatalyse is onderzocht aan de hand van CdS@ZnO inverse opaal-nanocomposieten als 

voorbeeld. Door een combinatie van TEM, SEAD en HRTEM toe te passen op CdS@ZnO 

inverse opaal-nanocomposieten, hebben we met succes aangetoond dat het staal de hexagonale 

wurtzite ZnO en kubische CdS structuur kristalstructuur heeft voor de nanodeeltjes, beiden met 

een hoge graad van kristalliniteit. De STEM-EDX resultaten tonen aan dat het quasi-eenkristal 

ZnO inverse opaalgeraamte is bedekt met CdS nanodeeltjes. De gesynthetiseerde CdS&ZnO 

inverse opaal-nanocomposieten vertonen een uitstekende fotokatalytische activiteit door het 

synergetische effect tussen de heterostructuur van de twee halfgeleiders en het trage fotoneffect 

van de inverse opaalstructuur.  
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2. Outlook 

2.1 Hierarchically structured nanomaterials 

Predicable and controllable production via a facile way 

Despite significant progress in the preparation of hierarchically structured nanomaterials, it could 

be argued that the hierarchical structure cannot easily be designed and synthesized precisely via a 

facile way for a specific application. For instance, the structure of hierarchical ZSM-5 sample in 

chapter II can be adjusted through changing the size of zeolite spheres. However, the synthesis 

procedure is relative complex, because the change of zeolite spheres depends on the carbon 

template which is achieved via a pre-synthesis. Conversely, the hierarchical structure of 

rutile@anatse can be obtained through an easy aerosol pyrolysis technique, but it is hard to 

control the uniformity of structures, and the yield of production still can be improved. A balance 

between the difficulty of synthesis and the controllability of production is demanded. It will be a 

challenge to synthesize hierarchically structured nanomaterials through more predictable, more 

controallable and more facile approaches.  

On the way to industry application 

Although a large amount of hierarchically structured nanomaterials can be synthesized in 

laboratory, the applications of hierarchically structured nanomaterials are aimed for industry.  

Nevertheless, a large gap need to be spanned in the view of engineering, including the difficulty 

of synthesis, stability of structure, the cost of preparation technique and the yield of productions. 

The widespread use of hierarchically structured porous materials in different processes can 

induce a new industrial revolution; yet, it remains a great challenge since all these processes will 

become more compact, more integrated, more miniaturized, and more hierarchized.  

2.2 Transmission electron microscopy 

Structure determination of hierarchically structured nanomaterials at ultra-high resolution: 

from 2D to 3D 
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In recent years, aberration correction has revolutionized the field of TEM. By using an aberration 

corrector to compensate spherical aberration and a monochromator to minimize chromatic 

aberration, sub-Å lateral image resolution can be achieved in microscopes. Combining this ultra-

high resolution imaging (especially HAADF-STEM) with electron tomography, the atomic 

information can be obtain in 3D, referred to as “count atoms”. However, these techniques are 

temperorily restricted to simple models and faceted samples, such as nanoparticles and nanorods. 

It will be interesting to apply these advanced TEM techniques to more complex systems, like 

hierarchical structures. Although the unregular structures of hierarchical nanomateials bring 

challenges to the microscopists, we are not afraid to predict that more structure determination of 

hierarchically structured nanomaterials can be achieved through ultra-high resolution microscopy 

from 2D to 3D.  

Ultra-high resolution microscopy for beam-sensitive materials 

A significant amount of hierarchically structured nanomaterials are beam-sensitive materials, 

such as zeolite, Metal-organic frameworks (MOFs), biomaterials, carbon-based materials, etc. 

However, the characterization of beam-sensitive materials used to be under-studied for TEM, but 

is gaining more interests in recent years. The atomic resolution can hardly be obtained at the 

acceleration voltages of 150-300kV because these nanostructure could be quickly destroyed by 

knock-on damage, ionization and surface etching. Thanks to the aberration correctors, the 

microscopes used in this research is able to operate at relative low acceleration voltages of 

120kV, 80kV, or 60kV. Low-voltage electron microscopy provides the possibility for beam-

sensitive materials to be imaged at higher resolution for a short time (even few seconds). In 

addition, cryo-TEM where the sample is studied at cryogenic temperature (generally liquid 

nitrogen temperatures) is being used for some beam-sensitive materials and biology samples. 

The resolution of cryo-TEM is improving steadily, and near atomic resolution was reported by Y. 

Shi in 2014. Cryo-TEM and low-voltage electron microscopy is therefore an important field to 

be explored for beam-sensitive materials including hierarchical nanostructures. 

Time pixel (resolution) 

The modern advanced TEM can obtain sub-Å spatial resolution and sub-eV energy resolution in 

both 2D and 3D. However, the time resolution is ignored in TEM. In most case, the sample in 
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TEM is considered as an immobile objective, which results that only the final production of 

synthesis can be observed. Although the observed results can give feedback to the materials 

synthesis, the procedure of synthesis is still a black box. In the view of material synthesis, 

observation on chemical reaction process would rather help to understand the real synthesis 

mechanism. For example, the in-situ TEM technique has significant progress on stress variation, 

temperature change, solution reaction and so on. However, they are still far away from the in-situ 

observation of chemical reaction and material synthesis. The main obstructions are: (1) it is hard 

to install a real nano chemical laboratory in TEM column (high vacuum); (2) The energy of 

indecent electrons must be considered in many cases of reactions; (3) an ultra-fast, sensitive and 

high quality CCD detector is necessary if we want to improve time resolution.  
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