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Abstract 

 

Due to their unique properties, nanomaterials are becoming increasingly important in our life. 

Nanostructuring introduces additional functional properties to existing materials that can 

greatly enhance their performance in various applications, and can open a way towards novel 

devices and techniques. The ability to control the formation of the nanomaterials on all levels, 

from morphology to composition, is one of the key challenges in the development of the 

efficient functional nanosystems. 

This thesis deals with the development of approaches enabling fabrication in a controlled way 

of various porous titania and carbon morphologies for energy conversion and energy storage 

applications. We focus on the possibility to tune and to control several nanomorphology 

parameters such as: (i) the size and the ordering of the pores; (ii) the composition and 

crystallinity of the functional scaffold; (iii) the macroscopic shape such as thin films, bulk, 

particles and fibers. Moreover, we are interested in even more complex hierarchical 

morphologies combining different types of porosity and crystallinity. One important goal is 

the synthesis of macroporous materials with a pore size beyond 50 nm, as this scale is 

required by several of the applications studied. The developed materials were examined as 

anodes in dye-sensitized solar cells (titania) and as cathodes in lithium-sulfur batteries 

(carbon) in order to evaluate the role of the morphology on the device performance. 

A main strategy employed here for the fabrication of the macroporous materials is based on 

the use of poly(methyl methacrylate) (PMMA) beads as shape-persistent sacrificial templates 

in a one-step (negative replication) or a two-step (reverse replication) procedure. A part of this 

thesis was devoted to the synthesis of monodisperse PMMA beads of different size. In chapter 

3 we describe the synthesis of PMMA particles by emulsion polymerization. We have 
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optimized this synthesis to be able to generate particles with different sizes ranging from 40 

nm to 320 nm and with narrow size distribution by adjusting the monomer/surfactant/initiator 

ratio. 

We have investigated the formation of 3-D macroporous TiO2 films by a one-step co-

deposition of PMMA particles and different titania precursors (chapter 4). To control the 

crystallinity, an amorphous molecular precursor, or crystalline anatase nanoparticles (4, 6, or 

18 nm), or their combination (brick and mortar approach) were used for a negative replication 

of the PMMA template. Further improvement was achieved by a post-synthetic humidity 

treatment leading to improved film quality, reduced shrinkage of the pores and increased 

crystallinity of the titania walls.  

We have also used a more elaborate two-step replication of a pre-assembled PMMA template 

to obtain even more complex hierarchical morphologies or to generate different macroscopic 

shapes. In this way, we have developed a novel hierarchical periodic nanostructure composed 

of a macroporous titania crystalline scaffold and a mesoporous titania phase (chapter 5). In 

the first step, a macroporous titania scaffold was obtained by a negative replication of the 

PMMA bead array, which was subsequently filled with surfactant-containing titania 

precursors to obtain a mesostructured titania phase. The formation of mesostructure in the 

confined space of the macroporous scaffold upon thermal treatment was investigated with in-

situ grazing incidence small angle X-ray scattering (GISAXS). The macroporous scaffold 

strongly influences the mesostructure assembly and leads to much larger structural parameters 

of the formed mesostructure, this effect becoming more pronounced with decreasing pore size 

of the macroporous host. Furthermore, the inverse opal scaffold acts as a stabilizing matrix, 

limiting the shrinkage of the mesopores upon heating. This effect is coupled with an enhanced 

crystallization of the mesophase, which is attributed to the crystalline walls of the 
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macroporous host. The hierarchical titania was implemented as anode in dye-sensitized solar 

cells (DSCs). 

This replication procedure was also adapted for the synthesis of mesoporous titania spheres 

that can be considered as a positive mesoporous replica of the PMMA particles. In a first step 

macroporous silica with tunable pore sizes was obtained, which was used in a second step as a 

sacrificial hard template for spherical titania (chapter 6). For that purpose, the silica voids 

were filled with a mixture of the surfactant Pluronic P123 and tetraethyl orthotitanate leading 

to the mesoporous crystalline titania after calcination, and silica was etched afterwards with 

NaOH to produce polycrystalline titania balls. 

A similar templating strategy was used for the formation of spherical hexagonally ordered 

mesoporous carbon (300 nm, chapter 7) and colloidal nanosized mesoporous carbon (60 nm, 

chapter 9). Both materials feature high surface area and high pore volume. To obtain colloidal 

nanosized mesoporous carbon, the macroporous silica inverse opal template was filled with a 

triconstituent precursor mixture of Pluronic F127 as a soft template, tetraethyl orthosilicate 

and resol oligomers as carbon source. After thermopolymerization and carbonization at 900 

°C in nitrogen a composite mesoporous carbon/silica material was formed. All the silica, both 

in the macroscopic scaffold and in the carbon phase, was removed afterwards with HF to 

obtain a bimodal porosity. 

We have also adapted this protocol to obtain mesoporous carbon fibers (chapter 8). This was 

achieved by replacing PMMA templates in the first step with dense carbon fibers, and the 

resulting tubular silica template was filled and post-treated in a way similar to the carbon 

sphere approach. Again we observed a confinement effect of the larger template, resulting in a 

reduced shrinkage of the mesophase and larger structural parameters.  
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The obtained carbon nanomaterials were further investigated in two different applications. 

The beneficial influence of the spherical and fiber morphology of the mesoporous carbon on 

performance in lithium-sulfur batteries was demonstrated in our collaboration with Guang He 

and Prof. Linda Nazar (chapter 7 and 8). These promising nanostructured cathodes enabled 

very high initial capacities and excellent cycling stability performance.  

For the first time colloidal nanosized carbon spheres (NCS, ca. 60 nm) were loaded in a 

solution with calcein as model drug and were efficiently sealed with a stable supported lipid 

bilayer (SLB) cap system (chapter 9). Molecular release experiments showed the efficiency of 

our system, which is tight until the addition of the surfactant Triton X-100, destabilizing the 

lipid bilayer and initiating a complete and controlled release of the fluorescent dye from the 

highly porous carbon.  
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1. Introduction 

 

1.1. Goals of Study 

 

This thesis is focused on developing templating strategies for mesoporous and macroporous 

titania and carbon morphologies in different morphologies that can serve in applications 

where porous structure is essential for optimized functionality. Especially, nano-morphologies 

used in devices required for energy generation and storage – mainly solar cells and batteries – 

need to be improved continuously by developing new efficient synthetic techniques and by 

implementing abundant raw materials.  

Specifically, macro- and/or mesoporosity was introduced into 3D titania and carbon 

architectures by the direct replication of hard and soft templates, colloidal 

poly(methylmetacrylate) and block-copolymers, respectively.  

We also aimed at gaining high synthetic flexibility for controlling the structural parameters of 

new nanostructures. These include (i) the size of the macropores and size and the ordering of 

the mesopores; (ii) the composition and crystallinity of the functional scaffold; (iii) the 

macroscopic shape such as thin films, bulk, particles and fibers. 

For the development of defined macroporous oxides it was essential to polymerize uniform 

colloidal PMMA in emulsions. These sacrificial templates – variable in size – were deposited 

in combination with metal alkoxide precursors and crystalline building blocks to create 

macroporous titania films and bulk silica by using different techniques. 

Another purpose of this study deals with the creation of more complex hierarchical systems 

and the investigation of mesostructure formation in the confined space of macroporous hosts 
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acting as hard template. This templating approach could also be transferred to obtain a novel 

tubular macroporous silica hard template, showing comparable dimensions to anodic alumina 

membranes. This was achieved by using dense carbon fibers, in contrast to colloidal PMMA, 

as initial hard template in a silica matrix.  

We finally investigated the physical properties of these materials with a view on diverse 

applications, i.e., the performance of dye-sensitized solar cells (DSCs), rechargeable lithium-

sulfur batteries and controlled drug delivery and studied the influence of the nanostructures on 

the device performance.  

 

 

1.2. Colloidal Templates 

 

Colloids are defined particles with sizes from the micrometer down to the nanometer scale 

and their movement in a liquid dispersion can be described by Brownian motion. Various 

synthetic approaches were reported to obtain organic and inorganic colloids with uniform 

properties, such as size, shape, surface chemistry and chemical composition.
1
  

Colloidal silica
2
 can be as small as several nanometers, it is available through lab scale 

synthesis
3
 and at industrial scale, e.g. Ludox

®
. One of the most common inorganic colloids is 

represented by the so-called Stöber spheres. They are composed of amorphous silica and can 

be made in a size-range from about 2 μm to 50 nm.
4-6

 In basic solutions the Stöber spheres 

feature a negative surface charge resulting from the deprotonation of silanol groups. These 

colloids are stable upon thermal treatment and can be fused at around 800 °C.
7
 Silica spheres 

with diameters from about 150 to 400 nm can also be naturally found in opals, where spheres 
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are periodically ordered in domains. Therefore they can interact with light and exhibit 

different colour effects (Figure 1.1 a), which is why they are also known as photonic crystals. 

Figure 1.1 b shows an SEM image of the close packed face-centered cubic (fcc) opal structure 

schematically illustrated in Figure 1.1 c.
8
  

 

Figure 1.1: Photograph and SEM image of a natural opal (a, b) and the corresponding fcc 

illustration (c).
8
  

 

Another important colloid family includes polymer particles. The most common polymer 

particles are spherical polystyrene (PS) or polymethyl methacrylate (PMMA) particles, which 

are typically prepared by emulsion polymerization of styrene (C8H8) and methyl methacrylate 

(MMA, C5H8O2) or derivatives, respectively.
9
 The colloid formation process can be separated 

into three main parts (Figure 1.2 a). During the first step, the organic monomer M is 

homogeneously emulsified by a surfactant if the concentration of the latter is above the 

critical micelle concentration (cmc). To this mixture an initiator I is added to initialize the 

polymerization with cations, anions or radicals. In case of radical polymerizations the initiator 

I, which usually contains a peroxo or an azo group, can be decomposed to radicals R by 

applying heat or light. During the initiation these radicals diffuse into the micelles and react 
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with the monomer. The second step describes the reaction of the generated monomeric 

radicals with non-consumed monomers to form dimers. The dimers react further by the same 

mechanism with the formation of oligomeric chains and finally the polymer particles. In the 

last step, the concentration of polymer chains is higher than that of the monomer, which is 

consumed by the remaining radicals. The recombination of two radicals leads to a termination 

of polymerization. The reaction mechanism of the MMA polymerization, initiated by the 

thermal decomposition of potassium peroxodisulfate, is shown in Figure 1.2 b. 

 

Figure 1.2: Schematic illustration of the micelle-based polymerization in aqueous solution (a) 

and the reaction mechanism of PMMA formation (b).
9
  

 

The main advantage of the latex spheres is their fast and cheap preparation. Additionally, the 

size can be adjusted by changing the reaction parameters and composition of the reaction 

mixture.
1
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1.3. Colloidal Crystal Templating 

 

Colloidal crystal templating (cct) describes a process in which colloids assemble periodically 

into three dimensional crystal lattices (opal). The opals can be deposited by several techniques 

which can be grouped into three major approaches (Figure 1.3).
8
  

 

Figure 1.3: Schematic overview of different techniques for colloidal self-assembly.
8
 

 

 

 



 

9 

 

Field-induced deposition 

Although colloidal dispersions of the latex beads are usually stable for months, they can 

slowly sediment to the bottom. The rate of sedimentation depends on the particles´ density 

and size, but this process is usually slow. Sedimentation can be accelerated by an additional 

gravity force. In practice the gravity is applied during the washing procedure of latex spheres 

after polymerization, which includes repeated centrifugation and redispersion steps. The 

external field leads to a density gradient in one direction within the dispersion, which results 

in a colloidal packing.
8,10

 Formation of the fcc structure, which is also present in natural 

grown opals, is usually more favoured than a hexagonal closed-packing (hcp).
11

 Advanced 

scattering measurements performed under microgravity conditions have demonstrated that 

PMMA particles (508 nm) can also crystallize into a random hcp structure.
12

 

 

Flow-induced deposition 

Two typical examples for flow-induced deposition are horizontal and vertical deposition of 

colloids from a solution on a substrate.  

The simplest case of horizontal deposition is drop casting of the dispersion of beads. This 

process usually results in non-uniform coatings having a thicker ring at the outside and a flat 

part in the middle. A variation of this method is the spin-coating deposition.
13

  

Vertical deposition is usually made by placing a substrate close to vertically into the colloidal 

dispersion and letting it dry, but it can also be achieved by dip-coating. Alternatively, cct can 

be obtained by blade coating. In this method, some amount of bead dispersion is pulled by a 

blade over a fixed substrate using a motor (Figure 1.4; a-c).
14
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Figure 1.4: Colloidal crystal deposition using vertical drying (a), dip-coating (b) and blade 

coating (c). Illustration of the processes of colloidal packing taking place at the meniscus 

(d).
14

 

 

Generally, a flow is induced by the evaporation of the solvent at the evaporation front 

(meniscus), which forces the arrangement of disordered colloids into a solid fcc structure.
6
 It 

is reported that the shape and the height of the meniscus mainly influence local particle 

concentration and thus the growth of the colloidal crystal. Figure 1.4 d illustrates the 

processes which take place during flow-induced deposition; this mechanism is similar for all 

the deposition techniques described above. Drying of the wet particle film (III) with the 

length (le) and height (hf) causes an evaporative flux of the water (je) and a dragging of the 

colloids. This leads to a convective flux (VI) from the bulk reservoir (I) into the cct, which 

includes a particle flux (jp) and a water flux (jw).
14
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Restricted volume deposition 

Similar to the field induced deposition, the colloidal crystallization in the restricted volume 

deposition method is caused by the increase in the particle concentration beyond the critical 

concentration. In the restricted volume deposition process this is achieved by a volume 

reduction and an applied ultrasonic field, which generates a colloidal film faster and in higher 

quality compared to the reference prepared just by sedimentation.
15

 It is suggested that the 

sonication-assisted homogenous drying helps to avoid formation of a lateral deposition front. 

As a consequence, the evaporation leads to a lateral concentration gradient and a lateral 

deposition front perpendicular to the substrate. The restriction of a volume, e.g. during the 

drying of dispersion droplet, leads to so called supraparticles, which are composed of (often 

disordered) packed smaller spheres.
6
 

 

Stacking faults 

The quality of the colloidal crystals strongly depends on the experimental conditions during 

the assembly such as temperature, humidity, air flow and vibrations. Stacking faults are often 

observed during the colloidal crystal assembly,
8,16,17

 and their reduction is a key issue in the 

fabrication of ordered opals. Different point defects can arise within the crystal lattice, for 

example if a bead is missing (Schottky defect, Figure 1.5 a) or if smaller beads are 

incorporated into the lattice (Frenkel defect, Figure 1.5 b). Additionally, the long range order 

can be distorted by empty volumes which originate from the inclusion of large spheres or by 

local rearrangements (Figure 1.5 c, d). 
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Figure 1.5: SEM images (a-g) show examples of possible defect types in colloidal crystals.
6 

 

Furthermore, displacements of lattice planes leading to step or screw dislocations can be 

caused by growth, slip and twinning defects. Lattice shrinkage during the drying process often 

leads to crack formation, which is frequently observed at the edges of the crystalline domains 

(Figure 1.5 a). Segregated domains (triangular part) are probably formed due to reduction of 

stress which is induced by edge dislocations (Figure 1.5 f). The expansion of point defects 

within the lattice leads to line defects (Figure 1.5 g). 
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1.4. Three-Dimensionally Ordered Macroporous Materials 

 

Three-dimensionally ordered macroporous (3DOM) materials exhibit a structure having a 

long-range order of interconnected pores with the size larger than 50 nm (IUPAC). 3DOM 

materials can be prepared by the structural replication of ordered colloidal crystal (opals) and 

are also known as inverse opals. After replication, the former connection points (whose size 

can be tuned by a temperature treatment in case of polymer templates) lead to the formation 

of interconnection windows within the closed packed array of air spheres (macropores). These 

windows ensure a good accessibility and mass transport through the 3DOM bulk or film 

material. An ideal fcc pore structure features pore connections to twelve neighboring pores.
18-

20
 In general, three main approaches are used for synthesis of 3DOM materials by using 

colloidal spheres as hard templates (Figure 1.6).
1,21-24

 The walls of 3DOM materials can be 

composed of amorphous or crystalline inorganic oxides, phosphates, hybrid composites,
20,25-27

 

carbon
28-30

, metals
31-33

, alloys
34-36

 and metal-organic frameworks.
37

 

The most common route to the fabrication of 3DOM materials is infiltration of a preformed 

colloidal crystal template with a precursor solution. Infiltration induced by capillary forces 

can be done e.g. by drop casting, spin-coating or dip-coating (Figure 1.6, top). Other 

techniques such as chemical vapor deposition (CVD)
38

, atomic layer deposition (ALD)
39

 or 

electrodeposition
1
 can also be applied. A key factor in this process is the filling fraction of the 

interstitial voids, which can be improved by multiple infiltration steps and the application of 

vacuum. After solidification of the precursor the colloidal template can be removed. Silica 

templates are usually removed by etching with hydrofluoric acid or a strong base such as 

potassium hydroxide. In contrast, polymer spheres can be easily removed by thermal 

decomposition or extraction, which leads to the final macroporous structure. Advantages of 
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this method include the direct replication of the highly ordered template and, in the case of 

polymer spheres, the size control of the interconnection windows. (Figure 1.6, first row).  

 

 

Figure 1.6: Illustration of three main approaches for fabrication of 3D ordered macroporous 

materials: infiltration of a preformed colloidal crystal template with a precursor (first row), a 

co-deposition of nanoparticle (NP) building blocks and colloids (second row), and the 

assembly of core-shell colloids (third row).
22

 

 

Another approach to the fabrication of 3DOM materials is a so called ‘one-pot’ deposition 

process. In this method pre-formed inorganic nanoparticles (NPs) or sol-gel precursor 

solutions are common precursors for the templated material. For example, a colloidal 

dispersion of nanoparticles is mixed with the colloidal dispersion of latex beads, and the 

resulting mixture is deposited on a substrate with the formation of ordered composite 
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material. In order to form a solid stable scaffold after the template removal the NPs have to be 

connected, which can be achieved by sintering. The morphology of the resulting scaffold and 

its characteristics such as the size of the interconnecting windows and the wall thickness 

depend mainly on the relative ratios (mass or volume) of the nanoparticles and the latex 

beads. Wall thickness can be controlled by changing the relative concentration of the 

nanoparticles or other precursors. There is however a certain range of ratios where the 

formation of an interconnected porous scaffold is possible. Too high relative concentrations 

of nanoparticles lead to formation of isolated macropores that are not interconnected; the 

connection between the pores is realized only by an additional porosity within the scaffolds´ 

walls. One-pot deposition is a very advantageous approach for the fabrication of macroporous 

materials as it offers an easy control of the morphology parameters, is easily processable and 

enables fabrication of homogeneous layers. Thus, one-pot deposition was also applied for the 

fabrication of large-area crack-free 3DOM films by co-assembly of colloidal beads and a sol-

gel precursor using vertical deposition and a film growing rate of 2 cm/ day.
40

 However, this 

method is not universal. One of the main prerequisites is the colloidal dispersibility of the 

nanoparticles acting as the precursors for the macroporous material, which is not always 

achievable. Additionally, the colloidal dispersions of the nanoparticles and the latex beads 

have to be compatible, without possible flocculation and/ or phase separation (Figure 1.6, 

second row). 

 

An alternative approach for the fabrication of 3 DOM materials is the deposition of composite 

core-shell particles. This method implies a high control over the wall thickness in the 

resulting scaffold by tuning the thickness of the shells. However, depending on the material of 

the shell, this method involves the risk of generating isolated air spheres within the bulk after 
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template removal, if the density of the shell is high or if it gets too thick (Figure 1.6, third 

row).  

 

1.5. Sol-gel Precursors for 3DOM Materials 

 

The sol-gel process is a general route for the preparation of colloidal dispersions of different 

materials.
41-45

 The sol-gel dispersions can be composed of oxides, oxide-based hybrids, 

inorganic and organic-inorganic hybrid materials. Sol-gel reactions proceed at low processing 

temperatures and enable homogeneous mixing of different precursor compounds on a 

molecular level. Sol-gel dispersions can be processed to obtain different macroscopic 

morphologies such as thin films, fibers, monoliths and powders. The sol-gel reactions with the 

formation of metal-oxygen compounds usually involve several hydrolysis and condensation 

steps. The formation of a solid metal-oxygen framework by sol-gel reactions may proceed via 

six main steps which are described below (Figure 1.7). During the first step a sol is formed, 

which contains a stable solution of completely or partially hydrolyzed or solvated metal oxide 

precursors. Typical metal oxide precursors are easily hydrolysable metal compounds such as 

halogenides, alkoxides or metal salts. In the second step, the sol is gelated by a 

polycondensation or polyesterfication of the oxide- or alcohol bridged network leading to an 

increase in the solutions´ viscosity. During the third step (syneresis) the formed gel is further 

condensed and solidified leading to gel contraction, which is accompanied by a solvent 

exclusion from the porous network. 

The degree of gelation is essential for the future applications as it influences the degree of 

shrinkage of the formed metal oxide network upon drying and heating. Additionally, the 

properties of the sol-gel solutions during the aging can also be influenced by some other 

processes such as Ostwald ripening and phase transformations. Figure 1.7 describes in detail 
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the corresponding hydrolysis and condensation reactions under acidic and basic condition, 

respectively. 

The complete drying of the gel (step 4) leads to the removal of volatile products and the 

structural changes of the metal oxide network. The product formed by thermal evaporation is 

called xerogel. Drying under supercritical conditions (typically in CO2) leads to the formation 

of a very light porous material with a huge surface area called aerogel. Dehydration and 

stabilization of the gel is observed in step 5 at temperatures up to 800 °C, where surface-

bound hydroxyl groups are removed.  

At higher temperatures the gel densifies further, the pores collapse and organic residues are 

volatilized (step 6).
46

  

 

In this work two metal alkoxide precursors were used for the infiltration of colloidal crystal 

templates and the fabrication of the macroporous titania and silica, respectively. For that 

purpose, clear ethanolic solutions of tetraethylorthotitanate (TEOT) and tetraethylorthosilicate 

(TEOS) were hydrolyzed with hydrochloric acid. For the preparation of 3DOM bulk 

materials, the pieces (several mm
3
 in size) of colloidal template assembled from PMMA 

beads were placed on a filter paper in a Büchner funnel. The sol-gel precursor solution was 

cast on the template, the remaining solution was removed by vacuum.
18,47

 For the film 

formation, the colloidal template was deposited on the desirable substrate. After drying, the 

deposited template was infiltrated with the precursor sol-gel solution using dip-coating.
48
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Figure 1.7: Hydrolysis and condensation of metal (M) alkoxide precursor under acidic and 

basic conditions. 
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1.6. Titanium Dioxide for Photovoltaic Applications 

 

1.6.1. Working Principle of Dye-Sensitized Solar Cells 

 

In comparison to the solar cells based on highly pure silicon (first generation), amorphous 

silicon or non silicon thin film solar cells
49

, such as cadmium telluride (CdTe), and copper 

indium gallium diselenide (CIGS) (second generation), dye-sensitized solar cells (DSCs) can 

offer several advantages. This includes a reduction of the preparation cost, due to the 

application of titanium(IV) oxide as semiconducting electrode material. Furthermore, they 

provide an improved performance under diffuse light and at higher operating temperatures. 

For the application the cells´ transparency and availability in various colors are additional 

beneficial features, too.  

 

Dye-sensitized solar cells (DSCs) are photoelectrochemical cells, which convert solar energy 

to electrical energy. DSCs were introduced in 1991 by Micheal Grätzel and Brian 

O´Reagan.
50

  

The working principle of a classical DSC sandwich device is presented in Figure 1.8 a.
51

 The 

anode is usually composed of a nanocrystalline mesoporous titania (TiO2) covered by a 

monolayer of light-absorbing dye. The SEM top-view image (Figure 1.8 b) shows a typical 

titania layer, which is composed of randomly packed and sintered anatase crystals. The titania 

nanoparticle size ranges commonly between 10-30 nm, but in this example a broad grain size 

distribution from 10 – 80 nm was estimated by Grätzel et al..
51

 The titania layers prepared in 

this way have a textural porosity of ca. 50-60 %. The titania layers are coated on transparent 

conducting substrates by doctor blading, screen printing, dip- or spin-coating; the typical 

thickness of the layers is in the range of 10 μm. Transparent conducting substrates for DSCs 
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are float glasses coated with a few hundred nanometer thick layer of tin-doped indum oxide 

(ITO) or fluorine-doped tin oxide (FTO), typically with a sheet resistance from 7-15 Ω/sq..  

 

 

Figure 1.8: Operation principle of a dye sensitized solar cell (a) and SEM image of 

mesoporous titania composed of sintered anatase nanoparticles (ca. 7 to 20 nm) (b).
51

 

 

The walls of the mesoporous titania layer are coated by a monolyer of dye covalently attached 

to the titania surface. Several classes of organic dyes are known to be efficient sensitizers (N3, 

N719, black dye, etc.), the most common dyes are ruthenium bipyridyl complexes, which 

exhibit a broad absorption range in the visible, but weak absorption in near IR regime (750-

950 nm). But supply of ruthenium is limited, and for this reason research also focuses on the 

development of purely organic dyes with higher extinction coefficients and extended 

absorption spectra.
52

 The dyes typically bear carboxylic acid residues acting as the anchoring 

groups for the titania surface. The dyes are usually deposited by chemical bath deposition by 

soaking of the titania layers in the dye solutions. Under illumination the dye (S
0
) is 

photoexcited (S*) and an electron is injected into the conduction band of the titania. The 

oxidized dye (S
+
) can be regenerated by a redox active electrolyte, which is usually an iodide/ 

triiodide (I
-
/I3

-
) mixture in organic solvents. The I3

-
 that is formed in this reaction diffuses 
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through the electrolyte to the cathode, where it is regenerated to I
-
 at the cathode surface. The 

cathode consists of a platinum layer acting as a catalyst for triiodide reduction deposited on 

transparent conductive oxide (TCO) substrate. The maximum voltage depends on the 

potential difference between the redox potential of the electrolyte and the conduction band of 

the titania semiconductor. 

The efficiency of DSCs is affected by several recombination processes. One of the possible 

processes is the recombination of the excited state of the dye (S*) to its ground state. The 

most important recombination processes that can seriously affect the efficiency of the DSCs 

are the recombination of the injected electrons within TiO2 with acceptors of the electrolyte or 

with the oxidized dye molecules (S
+
). To avoid a possible electron transfer between the I3

-
 and 

the TCO surface at the anode side, an additional thin blocking layer can be deposited between 

the TCO and the nanocrystalline titania layer.
53,54

  

 

The performance of DSCs is tested under standard conditions and involves irradiation of the 

cell using simulated sunlight with a 1.5 air mass spectrum (AM) and an intensity of 100 Wm
2
.  

The DSC is built up as a sandwich device, for this a spacer is applied between the cathode and 

anode for avoiding a short circuit. The spacer, usually a 25 μm thick thermopolymeric foil 

(Surlyn, DuPont), also seals the cell against electrolyte leakage and offers protection against 

environmental conditions, e.g. humidity. 

The electrolyte is typically infiltrated by a vacuum backfilling of the sealed cell through a 

small hole drilled in the cathode, which is in turn sealed after the filling.
55

 Figure 1.9 shows a 

typical layout of the DSC sandwich cell device. For increasing the cell performance by 

enlarging the pathway for the light within in the anode, a backscattering layer can be put on 

the top of the nanocrystalline TiO2 layer. This additional layer can be composed of large 
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anatase crystals, typically about 400 nm in size
55

, assembled titania spheres
56

 or of 

macroporous TiO2
38

. 

  

 

Figure 1.9: Schematic illustration of a DSC sandwich cell device.
55

 

 

There exist various approaches to optimize each component of the DSCs, thus leading to an 

improvement of the performance or leading to a cost reduction.
52

 This was achieved by new 

organic or inorganic dyes or their mixtures, for an improved light absorption in the visible and 

near IR regime.
57-66

 Also the influence of electrolyte composition
67-70

 and alternative counter 

electrodes
69,71-73

 on the DSC performance has been intensively studied. Optimization of the 

morphology of the porous nanocrystalline anode is also one of the ways to improve the cells’ 

efficiency, being in the focus of recent research.
53,54,74

 In 2008 an efficiency of 11.1 % was 

achieved with a ruthenium sensitizer (N 719) and an I
-
/I3

-
 electrolyte, and these components 

are still used for device comparison.
55

 In 2011 a record efficiency up to 12.3 % was obtained 

for a DSC sensitized with a porphyrin dye and utilizing a cobalt(II/III)-based electrolyte.
52,75

 

Although the number of published studies on DSCs increases rapidly every year, the increase 
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in the efficiency of the DSCs is comparably slow.
76

 In every case, such studies are important 

for a further and deeper understanding of the involved physical and chemical processes.  

 

1.6.2. Synthesis and Properties of Mesoporous and Macroporous Titania 

 

Titanium dioxide (TiO2) can be naturally found in three different modifications: brookite 

(orthorhombic), anatase (tetragonal) and rutile (tetragonal), in which one titanium atom is 

coordinated by six oxygen atoms. Two additional high pressure modifications of rutile with 

monoclinic and orthorhombic structure have been found in the Ries crater.
77,78

  

Anatase is rarely found in a white colorless state, but is mostly coloured by inclusion of 

impurities (Figure 1.10 a, b).  

 

 

 

Figure 1.10: Photographs of naturally grown anatase crystals with dimensions of 3.3 x 2.7 x 

2.3 cm (a),
79,

ca. 1 cm (b)
80

 and TEM image of a homemade anatase nanocrystal with a size of 

ca. 30 x 16 nm (c).
55

  

 

Titania can be prepared synthetically by a variety of procedures including physical and 

chemical vapor deposition (PVD, CVD), electrodeposition and microwave-assisted synthesis. 
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Other known approaches are solvothermal or hydrothermal syntheses, direct oxidation and 

sol-gel chemistry.
81

 Titania is chemically stable and has a high refractive index (2.5 – 3.1). 

Due to that it is widely used in paints as a white pigment. TiO2 is a semiconductor that 

absorbs in the UV regime and has band gap energies of 3.0 eV (rutile) and 3.2 eV (anatase), 

respectively. Therefore it is also commonly used for photocatalytic water splitting and 

photocatalytic decomposition of organic compounds under UV irradiation (water 

purification).
82,83

  

Mesoporous titania became increasingly important as anode material, as described before, and 

can be prepared in different ways. The common approach to fabrication of mesoporous titania 

is sintering of pre-formed titania nanoparticles, as described above. The porosity in such 

materials arises from the random packing of the nanoaprticles (so called textural porosity), 

and the pore size directly depends on the nanoparticle size (Figure 1.8 b, 1.10 c).  

Mesoporous titania with organized periodic porosity can be prepared by soft templating 

techniques using surfactants as structure directing agents. Typically, a solution containing an 

inorganic titania precursor and amphiphilic molecules such as block co-polymers is coated as 

thin film on a substrate. Under certain stoichiometric ratios, block copolymers form micelles 

that act as soft templates. The mesostructuration occurs by an evaporation-induced self-

assembly (EISA) of the micelles into an ordered structure (Figure 1.11 b). After drying, a film 

composed of periodically alternating organic and inorganic phases is formed. The removal of 

the organic polymer phase, which is typically made by calcination (thermal decomposition), 

leaves a periodic porous titania replica. The sol-gel derived titania precursors can be used for 

thin film deposition on substrates. The titania films obtained in this way are completely or 

partially amorphous and have to be heated additionally in order to complete transformation of 

the amorphous titania into the polycrystalline anatase. This process is accompanied by 

significant density changes leading to the shrinkage or even collapse of the corresponding 
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mesostructure. To reduce this shrinkage, mixtures of an alkoxide sol-gel precursor with small 

titania nanoparticles have been used in a so called ‘brick and mortar’ approach to crystallize 

the amorphous titania at lower temperatures, which further stabilizes the mesostructure upon 

heating.
84,85

 Porous titania films were also structured with the block copolymer template 

poly(ethylene-co-butylene)-block-poly(ethylene oxide) (KLE). The pore size of these films 

was shown to be 14 – 19 nm.
86

 The final pore size can be easily adjusted by the choice of the 

polymer template.
87

  

Alternatively, the surfactant can be coated on a substrate where it can form a liquid crystal 

mesophase, which is infiltrated afterwards with the precursor (Figure 1.11 a).  

 

 

 

Figure 1.11: Illustration of three approaches for mesostructured materials. In route A a 

preformed liquid crystal is replicated, while in route B an evaporation-induced self-assembly 

is used for mesostructuration. Route C generates porosity by assembling preformed 

nanobuilding blocks.
88
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Titania nanoparticles for application in DSCs can be prepared by different techniques.  

Most commonly the anatase nanoparticles are synthesized hydrothermally by a hydrothermal 

treatment of hydrolyzed TiCl4 in a titanium autoclave at temperatures up to 250 °C.
55

 Another 

known approach is a non-aqueous solvothermal reaction in benzyl alcohol, which acts as a 

solvent and as an oxide source. This reaction enables fabrication of very small crystalline 

anatase nanoparticles with a size of about 5 nm.
89

 The solubility and surface functionality of 

the nanoparticles can be tuned by an addition of different capping agents directly to the 

reaction mixture,
90

 and nanoparticles can be assembled into anisotropic structures
91

. The 

drawbacks of this approach are the low dispersibility of the nanoparticles and the presence of 

aromatic benzyloxy groups on the surface, which can be hardly removed. As alternative to 

aromatic benzyl alcohol, tert-butanol was developed in our group as a promising alternative 

reaction medium for a microwave assisted synthesis of ultrasmall titania nanoparticles (3 

nm).
92

  

 

1.6.3. Macroporous Titania for Applications in DSCs 

 

Macroporous titania is also used as active anode material in dye-sensitized solar cells.
93-101

 In 

comparison to mesoporous anodes, they provide larger pore diameters (> 50 nm, IUPAC) and 

correspondingly lower surface areas for the covalent anchoring of a sensitizer. These films are 

usually prepared by infiltrating a performed colloidal crystal with a titania precursor or by co-

deposition. Possible precursors are similar to the ones used for mesoporous films, and 

originate from sol-gel solutions or nanocrystalline building blocks.
20,22,40,102

  

 



 

27 

 

The 3D ordered macroporous titania is also called an inverse opal or photonic crystal, because 

it is composed of a closed-packed array of air spheres that can appear coloured much as 

natural opals.  

Periodic photonic crystals are also known as photonic band gap materials, because light can 

be diffracted from the lattice planes and generate photonic stop bands. The stop bands cause 

coloured reflections over a band of frequencies and the 3DOM material can act as an optical 

filter or reflector. The stop bands depend on the lattice diameter d of the inverse opal, the 

refraction indices n of the wall and the void material, usually air or a solvent. A linear 

equation, obtained by an extended combination of the Bragg´s law and Snell´s law, gives the 

position of the wavelength λ. 

 

  
     

 
        

     

 
                    

 

The order of the Bragg diffraction is given by m, while Φ represents the volume fraction of 

the solid wall material, which is 0.26 in the case of a perfect face centered cubic structure. 

 

As an example, the diffuse-reflectance UV-vis spectra in Figure 1.12 (top) show different 

stop-band minima that can be attributed to the wavelengths of maximum reflection of 3DOM 

zirconia powders filled with methanol (ZrO2, bottom). An increasing pore diameter from 200 

nm (A) up to 250 nm (C) and 285 nm (E) leads to red shifts of the stop band positions from 

violet over blue to green. The effect of changing the void materials, and thus a different 

refractive index, is obvious in case of D and E. These samples are similar in size to B and C, 

respectively, but now the air voids (n = 1.000) are infiltrated with methanol (n = 1.329), 

which caused a shift to orange and red, respectively (Figure 1.12, photographs of powders).
103
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Figure 1.12: Diffuse-reflectance UV-vis spectra (top) and photographs (bottom) of 

macroporous ZrO2 powders in air with pore sizes of 200, 250 and 285 nm (A, B, C). D and E 

are similar to B and C, but the voids were filled with methanol.
103

  

 

Macroporous titania is mainly used in DSCs in combination with a mesoporous titania layer 

to improve the light harvesting. Ordered macroporous titania with photonic crystal properties 

acts as a dielectric mirror and increases the optical path length within the more photactive dye 

sensitized mesoporous titania layer.
38,104-116

 

 

There are also reports about fabrication of titania with a bimodal porosity. Such materials are 

composed of macroporous titania with walls of mesoporous titania. Bimodal porous titania is 

prepared using two types of templates, polymer beads to generate macropores and 
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amphiphilic polymers to make mesopores.
117

 Usually, the voids of closely packed polymer 

beads are infiltrated with the surfactant-containing titania precursor used for mesoporous 

materials. Such a structure obtained after thermal decomposition of both templates is shown 

in the TEM image in Figure 1.13 a.
118

 This morphology was modified with graphene, 

incorporated by in situ reduction of graphene oxide, which was added to the precursor 

mixture. The arrows highlight the formed anatase mesostructure, using Pluronic P123 as soft 

template and TiCl4 as precursor. This morphology shows a high BET surface area of 298 m
2
g

-

1
 and pore sizes of 3 nm.

118
  

 

 

Figure 1.13: TEM image of 3DOM anatase with mesopores within the walls of the 

macroporous scaffold; the macropore diameter is about 200 nm (a).
118

 SEM images (plan 

view) of titania with a hierarchical twin scale morphology. The macroporous scaffold has a 

diameter of ca. 1.7 μm, which is filled up with mesostructured titania phase with a pore size 

of about 35 nm (b). The scale bars correspond to 5 μm and 300 nm (inset).
93

 

 

Recently, there was a report about the application of hierarchical twin-scale inverse opal (ts-

IO) as electrode in DSC. For this, firstly titania inverse opal films with a macropore diameter 
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of 1.7 μm were prepared. In the following step the macropores were filled with 40, 60 or 80 

nm sized polystyrene spheres by colloidal crystal templating. The voids between these small 

spheres were also impregnated with an ethanolic solution of TiCl4 as precursor. After 

calcination at 500 °C the spheres were removed and mesoporous anatase replica was obtained 

(Figure 13 b). The sizes of the pores depend on the initial template size and were about 35, 55 

and 70 nm, respectively. The best DSC operating with a ruthenium dye N719 and a volatile I
-

/I3
-
 redox electrolyte had an anode with 35 nm large pores. This cell provided an open circuit 

potential of 0.79 V (VOC), a short-circuit current of 13.18 mAcm
-2

 (ISC) and a corresponding 

efficiency of 6.9 %. In this case the thickness was about 12 μm, while a thickness of 8 μm 

gave an efficiency of 5.14 % that was mainly attributed to the decreased photocurrent density 

(10 mAcm
-2

).
93

 

 

Macroporous titania scaffolds and hierarchical materials on their base were recently used as 

photoanodes in CdS quantum dot (QD) sensitized solar cells.
119

 The schematic synthetic 

procedure is illustrated in Figure 1.14 a. Hierarchical ordered nanobushes were made by 

growing ZnO nanowires within the empty voids of the titania macropores. The morphology is 

shown in the SEM cross section and the TEM image (Figure 1.14 b). The growth of 

nanowires starts from a previously deposited ZnO seed layer covering the titania scaffold. The 

bushes were finally decorated with the CdS QDs (Figure 1.14 c). The motivation of this work 

was firstly to increase the sensitizer concentration in comparison to a purely macroporous 

scaffold, secondly to improve light harvesting by scattering effects, and finally to increase the 

reaction sites with the electrolyte. In total this led to an increase of photocurrent.  
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Figure 1.14: Schematic procedure for nanobushes decorated with QDs (a), SEM cross section 

(b) and TEM (c) images of a macroporous TiO2 film, whose voids are filled with ZnO 

nanowires. SEM and TEM (inset) images show the hierachical composite material after 

sensitization with CdS QDs.
119
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1.7. Mesoporous Carbon for Applications in Lithium Sulfur Batteries  

 

1.7.1. Working Principle of Lithium Sulfur Batteries 

 

Lithium sulfur batteries are a promising alternative to existing Li ion batteries (LIB´s)
120

, 

because of their very high theoretical energy densities of 2800 WhL
-1

 or 2500 Whkg
-1

. 

Additionally, these batteries can be stored at temperatures from – 40 up to + 50 °C and cycled 

from -20 to +45 °C.
121

 The classical battery set-up consists of an elemental lithium anode, 

which requires a proper sealing. The anode is separated from the cathode (elemental sulfur) 

by an organic electrolyte. Sulfur is generally a very attractive battery material due to its low 

price and high availability. However, sulfur has a low electronic conductivity. This drawback 

can be overcome by blending sulfur with carbon acting as conducting matrix and a 

corresponding organic binder.
122

  

Figure 1.15 shows the schematic working principle of a Li-S battery.
123

 The reduction of 

sulfur by lithium metal occurs in three steps depending on the applied voltage, which is 

accompanied by the formation of intermediate polysulfides (Li2Sn; n = 8, 6, 4, 3, 2). Here, the 

final discharge product is Li2S, because the long polysulfide anionic chains become shorter by 

further sulfur reduction. The detailed reduction mechanism is still being discussed in the 

literature, especially the exact amounts of polysulfides and the presence of the radical anion 

S3
·
. The formation of soluble polysulfides, which show a concentration dependency on the 

overall elemental sulfur concentration, includes equilibrium reactions.
124

 During the battery 

charging the intermediate polysulfide anions are re-oxidized, finally into sulfur. 
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Figure 1.15: Basic working principle of a Li-S battery, composed of structured C/S cathode 

and Li foil anode, which are electrochemically connected via an electrolyte.
123

  

 

Polar organic solvents are typically used as electrolytes in sulfur batteries. Common 

electrolytes contain a solution of lithium hexafluorophosphate (LiPF6) in ethyl methyl sulfone 

(C2H5SO2CH3).
125

 The polar solvent is beneficial for the dissociation of the salt and thus for 

the good ionic conductivity.  

The main challenges involving lithium-sulfur batteries include the solubility of the 

polysulfides formed during electrochemical reduction of sulfur, and formation of solid lithium 

salts such as Li2S and Li2S2, generated by reduction. These salts are stable and unreactive, 

also at the anode site, and cause a loss of active mass by a sulfur-depleted cathode. This 

changes the cathode composition and induces a volume change. The lower density of the 
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precipitated lithium salts can cause degradation and ohmic resistance at the cathode site, 

which alters the battery performance.  

Several chemical approaches were found to improve the performance of Li-S batteries. For 

example, different polymers were used to cover the carbon/sulfur composite. Hydrophilic 

polyethyleneglycol (PEG) was attached to the carboxy-functionalized carbon surface of the 

mesoporous carbon/sulfur composite, which shows the effect of polysulfide trapping by 

generating a concentration gradient in the electrolyte. Additionally, it influences the 

mechanism of the redox reaction, which leads to a decreased deposition of insoluble Li2S at 

the anode. In this approach, the silica material SBA-15 was used as hard template to make the 

carbon CMK-3 material.
125

 The same system was also coated with the conducting polymer 

poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS) for achieving an 

improved cycling stability of the Li-S battery. The approach is illustrated in Figure 1.16 on 

the left, and the TEM image on the right shows the polymer coated C/ S composite.
126

 

 

 

 

Figure 1.16: (left) Scheme of polysulfide formation within the carbon (CMK-3)/sulfur 

composite (a). Illustration of polysulfide trapping by an additional polymer coating (b). (right) 
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TEM image of CMK-3/sulfur composite having a thin PEDOT:PSS-layer on top, which still 

permits Li-ion diffusion.
126

 

 

Hollow carbon nanofibers with diameters ranging from 200 to 300 nm were also used as 

cathode material.
127

 The fibers were prepared as free standing membranes by a replication of a 

commercial anodic alumina membrane (AAO, Whatman) (Figure 1.17 c, upper photograph).  

 

 

 

Figure 1.17: Schematic design of hollow carbon/sulfur fibers (a), and illustration of 

preparation process (b). Photographs show a piece of AAO membrane before (top) and after 

loading with sulfur and carbon (bottom) (c).
127

 

 

For that purpose, the walls of AAO were coated first with polystyrene (PS) that was 

subsequently carbonized. Afterwards the alumina was removed by etching with phosphoric 

acid to obtain hollow fibers with a length of about 60 μm (Figure 1.17 a). For the 
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implementation in the batteries, the hollow carbon fibers were filled with sulfur (Figure 1.17 

c, bottom photograph). The corresponding synthesis procedure is shown in Figure 1.17 b. In 

this study the performance was also improved by adding LiNO3 to the electrolyte, which 

apparently passivated the lithium electrode.  

Recently, double-shelled hollow carbon spheres were prepared by a facile synthetic route by 

using hollow tin oxide spheres in the range of 300 to 500 nm. For that purpose, the exterior 

surface of the hard templates was coated with a polysaccharide. During this process the 

textural pores between the tin oxide nanocrystals were filled with the carbon precursor. The 

polysaccharide was transformed to carbon by pyrolysis, while the tin oxide was reduced to tin 

under these temperatures by applying a hydrogen/ nitrogen atmosphere. After removing the 

tin particles with hydrochloric acid, the hollow carbon spheres with porous walls were 

formed. Figure 1.18 a shows a TEM image of hollow carbon spheres that were filled with 

sulfur, and corresponding elemental mappings for carbon (b) and sulfur (c). The hollow 

carbon spheres show improved cycling stabilities in Li-S batteries in comparison to dense 

carbon spheres (carbon black). This difference was mainly attributed to a trapping of the 

polysulfide in the interior.
128

 Carbon black nanoparticles of about 40 nm were also used as 

cathodes in combination with oxidized graphene layers to cover submicrometer sized sulfur 

particles. Graphene was used to improve the conductivity and trap the mobile polysulfides. 

Additionally the composite was encapsulated by a layer of polyethyleneglycol (PEG) to 

further reduce the leakage of polysulfides. This flexible polymer also improved the cathode 

stability upon the volume changes during the battery cycling.
129

 Recently, pure graphene 

nanosheets prepared by reduction of graphene oxide with hydrazine and mixed with sulfur 

were applied as cathode material in combination with carbon black (10 wt%) and organic 

binders (10 wt%). The batteries show very high initial discharge capacities of 1580 mAhg
-1

 

and a good cycling stability, obtained at 0.05 C.
130
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Figure 1.18: TEM image (a) of a hollow double shelled carbon sphere filled with sulfur. The 

elemental mapping of carbon (b) and sulfur (c) indicate homogeneous distribution of both 

elements in the shell.
128

 

 

 

1.7.2. Synthesis and Properties of Nanosized Carbon Materials 

 

Elemental carbon exists in various allotropes. Cubic diamond (transparent; isolating) and 

graphite (black metallic, conductive) are naturally found and are built up by sp
2
 – and sp

3
 

hybridized atoms forming three dimensional networks. A rarely found mineral, Lonsdaleite, 

also known as hexagonal diamond, represents a translucent and yellowish additional carbon 

allotrope. A more prominent carbon compound is graphite.
131,132

 Other carbon allotropes (0D) 

include the fullerenes, with the best-known member, the C60 molecule. Higher fullerenes such 

as Cn (n = 74, 76, 78, 80, 84, 90, 94) are also synthetically available. The existence of even 

larger ones was discussed and structures for C240 and C540 fullerenes were calculated.
133-137

 

The carbon allotropes can be transformed into each other under certain conditions; thus, 

diamond can be formed by a thermal activation of graphite
138,139

 or by crushing of C60.
140

 

Recently C60 was also crushed under high pressure conditions (60 GPa) to form amorphous 
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carbon clusters, which were ordered with long range order to produce a crystalline material.
141

 

Carbon nanotubes (CNTs) are additional very important carbon allotropes, they are 

structurally similar to graphene
142

 and fullerenes
143,144

. Figure 1.19 summarizes the structure 

models of the allotropes described above.
136

 Additionally, there are also theoretical and 

experimental studies describing the electronic structure of amorphous carbons.
145,146

 

 

 

Figure 1.19: Carbon allotrope structures: cubic diamond (a), graphite (b), londsdaleilite (c), 

C60, C540, C70 (d, e, f), amorphous carbon (g), carbon nanotube (h), and graphene (i).
136

  

 

Different carbon allotropes have very different chemical and physical properties. Therefore 

they find use in a large variety of different applications. As an example, thermal conductivity 
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increases by several orders of magnitude from amorphous carbon to graphene and CNTs.
147

 

Carbon allotropes can be prepared by a series of techniques. Generally, carbon can be 

prepared by processes including gas or liquid phase and solid-state reactions using many 

different precursors. For example, hydrocarbons can be transformed to carbon by 

condensation, polymerization or pyrolysis. Thermoplastic polymers can be molten and then 

carbonized, while thermosetting polymers can be transformed to carbon by thermal 

decomposition.
148

 Moreover there are several approaches available to modify the polymers´ 

morphology by creating meso- or macroporosity.
149-151

 Another common technique involves 

hydrothermal reactions to achieve a full carbonization of the precursor.
152,153

 

 

Despite the many techniques available to form carbon phases, it is still fundamentally 

important to control and tune carbons´ morphology and structure from the macroscale, e.g. 

fibers
154

 and colloids
155

, down to the nanoscale. There are already several reports about 

graphene quantum dots derived from carbon fibers
156

, the passivation of carbon quantum 

dots
157

, as well as the efforts to make them soluble in water
158

. Additionally, amorphous 

spherical carbon nanoparticles in the range of 4 to 30 nm are also present in carbohydrate 

containing food.
159

 Several approaches exist for the fabrication of submicrometer-sized 

carbon spheres. Thus, hollow or mesoporous spheres with uniform size distributions can be 

obtained by soft or hard templating approaches.
160

 Carbon spheres can also be made dense
158

, 

microporous
161,162

 or mesoporous
163

. 

Solid carbon spheres are commonly prepared from spherical polymer resin built by carbon 

rich precursors, which can be converted with high yield into carbon by high temperature 

pyrolysis. Such precursors are often made by the reaction of phenol derivatives with 

aldehydes under basic conditions.
160,164,165

 During the first reaction step a phenyl alcohol, 
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2,4,6-tris(hydroxymethyl)phenol, is formed by nucleophilic addition of formaldehyde in the α 

and β positions of phenol.  

Such carbon precursors can be used in combination with hard or soft templates to generate 

porosity within the resulting carbon material that can have different macroscopic 

morphologies. Typical soft templates are micelles of block copolymers, while silica colloids 

usually act as hard templates. The use of hard templates enables the formation of larger pores 

with sizes over 50 nm. Additionally, it reduces thermally induced shrinkage and subsequently 

minimizes formation of defects or cracks. Recently the hard templating approach was used for 

the fabrication of mesoporous carbons with large pore size. For that purpose, silica spheres 

with a size of about 10, 20, 30 and 40 nm were used as hard templates. Figure 1.20 a-c show 

the SEM images of the obtained carbon bulk material, while in Figure 1.20 d the spherical 

pore geometry of the mesostructure is illustrated. High resolution nitrogen (77.4 K) and argon 

(87.3 K) sorption measurements on these materials show type IV isotherms exhibiting a H1 

hysteresis. A new model was applied that correlates to the surface rougness and is based on 

quenched solid density functional theory (QSDFT), to calculate the spherical pore size 

geometry. Figure 1.20 e, f represents the obtained pore size distributions, which are in good 

agreement with the SEM images.
166

  

 



 

41 

 

 

 

Figure 1.20: SEM images (a-c) and schematic illustration (d) of mesoporous carbon obtained 

by hard templating using spherical silica beads with size of 10, 20 and 40 nm. The pore size 

distribution obtained from isotherms, which results from nitrogen and argon sorption 

measurements, exhibits peaks at around 13 and 18 nm (e) and 28, 38 nm (f), respectively.
166

  

 

Besides silica beads as described above, mesoporous silica made as bulk or as thin films
167

 

was used as hard template for the fabrication of mesoporous carbon. Mesoporous carbon can 

also be made by soft templating in the evaporation-induced self-assembly (EISA) process 

using micelles of amphiphilic polymers as the soft templates. The mechanism of mesophase 

formation from amphiphilic block copolymer Pluronic F127 and a carbon precursor (resol) 

resulting in mesoporous carbon particles
168

 or free standing mesoporous thin carbon films
169

 

was recently studied.
170

 In our group we have investigated the effect of temperature-induced 

self-assembly of Pluronic P123 and F127 with resol by in situ small-angle X-ray scattering 

(SAXS) measurements.
171

 There are also efforts to synthesize carbon with large mesopores 

using poly(styrene-block-ethylene oxide) (PS-b-PEO) as structure directing agent, to generate 

bulk material or thin films. The corresponding parameters of the mesostructure could be 
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changed by using polystyrene as swelling agent. This agent was incorporated into the core of 

the micelle to obtain carbon with large pores of up to 38 nm.
172,173

  

 

Carbon fibers can be prepared with different macroscopic size as well as pore dimensions and 

morophology. Examples include activated mesoporous carbon fibers with diameters up to 35 

μm.
174

 Generally, an additional anisotropic template is needed to obtain a final fiber structure. 

Such templates can be found in nature or are synthetically available to provide suitable 

dimensions. A possible natural template is a special site found in crab shells.
175

 More often, 

however, macroporous anodic aluminum oxide (AAO) is used as the anisotropic template.
176-

178
 Commercial AAO membranes also act as a hard template for a series of different 

materials, and provide a confined environment for mesostructuration of inorganic and organic 

materials.
179-188

 AAO can feature a fairly ordered periodicity and mainly tubular channels 

with lengths up to 60 μm, while the channel diameter is usually in the range of 200 nm.  

Figure 1.21 a illustrates a synthetic procedure for mesoporous carbon fibers. Colloidal silica 

nanoparticles of ca. 30 nm (Stöber NPs) were infiltrated into the AAO membrane and used as 

the hard template (Silica at AAO). During the next steps, phenol was infiltrated into the 

interstitial voids of the packed silica colloids before the composite was exposed to 

paraformaldehyde at 131 °C to form a resin. Afterwards the AAO membrane was removed by 

etching with hydrochloric acid (5 M) at 50 °C. The resin within the fibers was finally 

carbonized at 700 °C. Figure 1.21 b shows a TEM of the resulting mesoporous carbon 

nanofibers (MCBF) obtained after etching the silica with hydrofluoric acid (48 %).
189

 

In our group we have demonstrated the formation of highly ordered hexagonal mesoporous 

carbon fibers in the channels of an AAO membrane using Pluronic F127 as structure-directing 

agent and soft template (Figure 1.21 c).
180

 A similar approach also enabled the formation of 
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free-standing arrays consisting of mesoporous carbon fibers. The membrane thickness is 

between 50 to 60 μm corresponding to the thickness of the AAO.
190

  

Electrospinning is an alternative technique to obtain mesoporous carbon fibers.
191

 With this 

technique it is also possible to prepare fibers containing inorganic nanoparticles (Ag, Fe3O4, 

ZnFe2O4)
192

 or dense rectangular rods.
193

  

 

 

 

Figure 1.21: Schematic synthesis procedure (a) and TEM image (b) of a mesoporous carbon 

fiber derived by a hard templating approach (AAO, silica spheres).
189

 TEM cross section 

image (c) of mesoporous carbon within a pore of AAO prepared with Pluronic F127 as the 

template for mesoporosity.
180

 

 

An additional approach for the fabrication of highly porous carbon with greatly increased 

surface area and pore volume but without changing the mesopore size involves a 
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triconstituent evaporation-induced co-assembly of a mixture of a carbon (PF), silica precursor 

and amphiphilic polymer. A schematic illustration of this approach is given in the Figure 

1.22. Using a mixture of resol, hydrolyzed tetraethoxy orthosilicate (TEOS) and Pluronic 

F127, bulk silica/carbon nanocomposites,
194

 stable centimeter sized monoliths
195

 and thin 

films
196,197

 were prepared. The composite was thermopolymerized at 100 °C to condense the 

resol precursor molecules and to dry silica sol-gel, which also stabilizes the already 

mesostructured network. A subsequent heating procedure in a nitrogen atmosphere removes 

Pluronic polymer to gain mesoporosity. Finally temperatures up to 900 °C induce a full 

carbonization. A bimodal porosity and thus an increase in the surface area can be achieved by 

introducing porosity within the walls of the highly ordered hexagonal mesoporous material by 

etching the silica within the walls with hydrofluoric acid. The high resolution TEM images in 

Figure 1.22 represent the mesoporous character of carbon (top) and silica (bottom).  

 

The addition of silica is also beneficial for a reduced shrinkage of the mesostructure compared 

to a pure carbon material. Additionally, with an increase of the aging time of the 

TEOS/carbon precursor mixture prior to deposition, the degree of silica polycondensation 

increases, which further stabilizes the mesophase.
198
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Figure 1.22: Schematic drawing of individual steps for highly porous carbon (TEM image, 

top) and silica (TEM image, bottom) with a hexagonal structure that was obtained by 

triconstituent co-assembly of TEOS, a carbon precursor (resol) and a triblock copolymer 

(Pluronic F127).
194

  

 

Instead of silica alkoxides, further precursors were co-condensed with carbon precursors to 

tune the properties of mesoporous carbon. Metal sources such as cobalt and vanadyl 

acetylacetonate complexes (Co(acac)2, VO(acac)2) led individually or in combination to 

formation of cobalt oxide (CoO) and vanadium oxide (V2O5) nanoparticles dispersed in the 

carbon mesostructure. This modification can increase the electrical conductivity up to a 

maximum metal concentration of 10 wt%. Moreover, mesoporous carbon containing titania 

(TiO2), magnesia (MgO), manganese oxide (MnO2) and iron oxide (Fe2O3) nanoparticles can 

be prepared by triconstituent co-assembly.
199,200
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2. Characterization Methods 

 

In this thesis the morphology and properties of porous titania, silica and carbon were studied 

by various methods. This chapter describes different methods, mainly used for the 

characterization of particles, thin films and bulk. 

 

2.1. Dynamic Light Scattering 

 

In the field of colloid chemistry particle size is of major interest and dynamic light scattering 

(DLS) is a sensitive technique for rapid characterization of particles in solution.
1-6

 If colloids, 

which need to be dispersed in quartz or PMMA cuvettes, are illuminated with a laser beam, 

light scattering occurs and the fluctuations of the scattering intensity are detected. Therefore 

DLS is also known as photon correlation spectroscopy.  

The random Brownian motion describes the spontaneous motion of the colloids in solution, 

caused by collisions between individual particles and the solvent molecules. A size dependent 

influence on the diffusion of particles is given by the following Stokes-Einstein equation. 

Thus an ideal spherical shape is assumed.  
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The diffusion coefficient (translation) D is proportional to the Boltzmann constant kB and the 

temperature and decreases with the viscosity η of the liquid and the particles´ radius r. The 

obtained hydrodynamic diameter d is not exactly equal to the diameter of the colloidal core, 

because the particle volume is also affected by a shell of solvent molecules and hydrated 

counter ions.  

During laser irradiation particles permanently change their position, which causes a time 

dependent change of the scattering intensity. This scattered laser light undergoes a positive or 

negative interference, which leads to the detection of a speckle pattern. DLS instruments use 

an internal correlator to transform the fluctuating scattering intensity. In theory large particles 

undergo a slower Brownian motion, causing a decreased change in scattering intensity and for 

this a lower exponential decay of the correlation function G(τ). 

                   

      

  
   

  
   

 

 
 

Here A and B describe the correlation function baseline and the intercept of G(τ). The decay is 

also dependent on the solvents´ refractive index n, the wavelength of the incoming laser beam 

λ0 and the scattering angle θ. 

A Zetasizer Nano S (Malvern Instruments, UK), operated with a 4mW He-Ne (λ = 633 nm) 

laser, was used in this work to determine the particle size. Commonly a semi-micro PMMA 

cuvette (1.5 mL, Brand Gmbh and CoKG) was filled with transparent colloidal solutions.  
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The final particle sizes are obtained after a few minutes, depending on the repetition number 

and measurement time. For DLS the PMMA particles were typically dispersed in water (~ 0.1 

wt%) and measured at room temperature. 

 

 

2.2. X-Ray Diffraction 

 

X-ray diffraction (XRD) is a common technique to characterize the crystallinity, phase 

composition and structural properties of metals, oxides and mesoporous materials.
7
  

X-rays (10
-12

-10
-9

 m) can be emitted by an evacuated X-ray tube, which was invented by 

C.W. Röntgen.
8
 Within an X-ray tube, a current and high voltages are applied to a filament, 

which causes electron emission into vacuum. These electrons bombard an anode and X-rays 

are emitted over a continuous spectrum of energies (Bremsstrahlung), which are not higher 

than the acceleration voltage. Common anode materials are copper or molybdenum, which 

additionally emit characteristic X-rays, e.g. Cu-Kα1 (λ = 0.154 nm) and Mo- Kα1 (λ = 0.702 

nm), respectively. These X-rays are applied for XRD measurements and need to be aligned 

and focused on the specimens´ surface, where they interfere with the specimen. Depending on 

its crystallinity or structure a corresponding pattern can be detected. In the case of a 

constructive interference, the relationship between the incoming X-ray beam with its 

wavelength λ, the lattice distance d and the angle of incidence θ is given by the following 

Bragg´s equation, where n represents the order of interference.
9,10

  

nλ = 2dsinθ 

The geometric description of Bragg´s law is shown in Figure 2.1.  
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Depending on the detection angle, one can distinguish between small angle X-ray scattering 

(SAXS) and wide angle X-ray scattering (WAXS). A pattern is usually recorded in SAXS 

experiments at values from 0.5 up to 5 2θ°, and WAXS between 5 and 100 2θ°, respectively. 

Thus SAXS experiments are suitable for the characterization of periodic and mesoporous 

matter, while WAXS gives information about the materials´ crystallinity and phase.  

 

 

Figure 2.1: Illustration of Bragg´s law and the corresponding geometry of the X-ray 

diffraction at the lattice planes. 

 

With XRD the average crystalline domain size up to 100-200 nm can also be estimated, which 

is important for the characterization of dense material and powders composed of single 

nanocrystals. The Scherrer equation describes the relationship between the crystalline domain 

size D and the corresponding peak broadening in the XRD pattern.
11
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The form factor k, with its dependence on the particle shape, is in most experiments 0.9, while 

the peak broadening β is given by a corrected full width at half maximum (FWHM).
12,13

  

With decreasing domain size and small sample amounts the measurements need to be 

improved, because very broad peaks have to be distinguished from the background and low 

initial intensities require long measurement times. For this reason, small particles and their 

textural porosity are also often characterized by transmission electron microscopy and gas 

sorption experiments (see below).
14

 A common reference material for XRD measurements is 

silver behenate, which shows well-defined reflections in the range of 1.5 to 20 degrees two 

theta
15

, while glassy carbon is also widely used for SAXS.
15,16

  

In this thesis, a Bruker diffractometer (D8 Discover, Cu-Kα1) including a VÅNTEC-1 detector 

was used for XRD and SAXS measurements of powders and thin films. 

 

Two-dimensional grazing incidence small angle X-ray scattering (2D-GISAXS) is an 

advanced method for studying mesoporous materials (films, powders) with regard to their 

periodicity and orientation. The 2D detector also detects reflections that are not only 

perpendicular to the specimens’ surface, which leads to more detailed structural information 

compared to 1D-SAXS measurements. X-ray sources with very high energy densities are 

available at synchrotrons. Such sources are advantageous for small specimen amounts and 

materials having a low X-ray contrast. The SAXS beamline at the Elettra synchrotron (B.L 

5.2, Italy) provides three energies of 5.4, 8 and 16 keV, and the set up offers time-resolved 

measurements in the sub-millisecond regime of structural transformation. The corresponding 

lattice parameters can vary from 1 up to 140 nm, depending on the set up geometry.  
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In our studies we used 8 keV and a distance of 143 cm between the specimen, and a two-

dimensional image CCD detector (Model CV 12, Photonic Science Ltd., Millham, UK). For 

sample heating during the in-situ studies, a modified hot stage (Model DHS 900, Anton Paar) 

was used. 

Additionally, 2D-GISAXS was also carried out in the lab (Cu Kα1 at 40 keV), using a 

SAXSess mc
2
 instrument (Anton Paar) and a 2D CCD detector.  

 

2.3. Sorption Measurements 

 

Micro- and mesoporous materials have pores below 2 and 50 nm, respectively and can be 

analyzed by gas adsorption experiments, which is a suitable technique
17

 to determine 

porosity
18

 and surface area
19,20

. 

Thus physisorption describes the interaction between the adsorptive (gas) and adsorbent 

(solid), which is of fundamental importance to get information about the adsorbents´ 

morphology. This process is reversible due to the weak Van-der-Waals interactions 

involved
21

. In contrast, chemisorption is often an irreversible process, because of the 

formation of a chemical bond between the adsorptive and the adsorbent.  

Adsorption is an exothermic process and proceeds preferably at higher pressures and lower 

temperatures. Usually a gas such as nitrogen, krypton or argon is used as adsorptive. Kr is 

favorable for small amounts and/ or low surface areas and therefore is used for porous films. 

Argon is also widely used for microporous materials. These gases are more expensive than 

nitrogen, which is commonly used for mesoporous samples. Prior to every measurement, the 

adsorbent has to be properly outgassed under vacuum for several hours at temperatures above 
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100 °C to obtain a complete desorption of residual molecular contaminations, e.g. water or 

solvents, from the surface. The measuring vessel, usually a glass flask with a small volume, is 

finally cooled with a constant volume of liquid nitrogen (-196 °C) during the measurement.  

 

Depending on the adsorbents´ porosity, the absorber gas has different ways for the penetration 

into the adsorbent bulk. Thus gas interacts with the surface, and depending on the specimens’ 

porosity characteristic layer formation is observed. The International Union of Pure and 

Applied Chemistry (IUPAC) has classified six types of sorption isotherms (I – VI), 

represented in Figure 2.2.  

 

 

Figure 2.2. Schematic description of the UIPAC isotherms (type I to VI).
23

 

 

A type I isotherm is obtained by a reversible ad- and desorption process within a microporous 

material, which has typical pore widths of up to 2 nm. If the pore dimensions have a similar 
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scale than the adsorbate, the formation of a monolayer correlates to a complete pore filling. 

For this reason a plateau is formed at higher relative pressures. The relative pressure 

represents the ratio between the applied pressure p and the saturation vapor pressure of the 

gas, p0. 

If the material is dense or has macropores (> 50 nm) a type II isotherm is formed, which 

shows the development from a closed gaseous monolayer to multilayers. The type III 

isotherm is not so common, here the interactions between the individual absorber molecules 

are strong and layer formation on the surface is unfavorable.  

Furthermore there are a series of mesoporous materials, which have a defined pore width in 

the range of 2 to 50 nm. Their sorption behavior is represented in the shape of type IV, where 

the isotherm is similar to type II at lower relative pressures. However, an additional 

appearance of a hysteresis loop between the branches is observed at higher relative pressures. 

The loop is attributed to the effect of capillary condensation within the mesopores, and 

desorption of the multilayers often occurs at lower relative pressures.  

The type V isotherm represents a system with very low interactions between the adsorbate 

molecules and the existence of mesoporosity. Type VI shows a stepwise adsorption of 

multilayers on a dense surface, but also different pore widths can be present in this material.  

There exist different models for the description of sorption isotherms. The Langmuir model 

describes the monolayer formation of the adsorptive on a solid surface. The Brunauer-

Emmett-Teller (BET) theory is based on the Langmuir model but assumes infinite multilayer 

formation; it is commonly used for a detailed evaluation of the isotherms. Thus the Langmuir 

model is used for describing the individual gas layers, and physical absorption of the gaseous 

adsorptive on a solid surface is also assumed. Additionally, there is no interaction between the 
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adsorptive molecules within one layer. The following linear BET equation is used for 

isotherm modeling. 

 

         
  

 

  
  

 
     

  
  

 

  
 

p0: saturation pressure of the adsorptive  

n
a
: amount of adsorbate at relative pressure p/p0  

  
 : monolayer capacity  

C: BET constant with an exponential relation to the adsorption enthalpy  

The total surface area As(BET) and specific surface area as(BET), or just SBET, can also be 

calculated with the BET theory.  

          
      

        
        

 
 

am: molecular cross-sectional area; for N2 it is 0.162 nm
2
 at 77 K  

NA: Avogadro constant, 6.022*10
-23

 mol
-1

 

m: mass of adsorbent  

 

Another important information about the porous material is provided with the pore size 

distribution, which is accessible by applying the Barret-Joyner-Halender (BJH) method. For 

the description of the pore volume distribution with respect to the pore size, the Kelvin 

equation is used. 
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rn, n = 1, 2: principal curvature radii of the liquid meniscus in the pores at the relative pressure 

σ
1g

: surface tension of the condensate 

ν
1
: molecular volume of the condensate 

R: ideal gas constant, 8.324 Jmol
-1

K
-1

, produkt of NA and kB 

T: temperature in Kelvin 

 

Additionally, Density Functional Theory (DFT) can be used to determine pore diameters. This 

specific calculation gives more correct values for microporous and mesoporous materials with 

small pore diameters, in comparison with the BJH method. Here, models are available that 

consider the pore geometry as well as the adsorbent. Depending on the material, pores can be 

more cylindrical, spherical or slit shaped. The models are applicable to the adsorption and the 

desorption branch of the isotherm.
17,23

 A new Quenched Solid Density Functional Theory 

(QSDFT) can be applied to carbon materials, and considers the specimens heterogeneity and 

roughness, which makes it difficult to compare results with literature values based on the 

previous methods.
24,25

 

For macroporous solid materials other techniques for surface determination are suitable and 

based on liquid intrusion and extrusion, commonly performed with mercury.
26

 

In this thesis a Quantachrome Instruments NOVA 4000e at 77 K was used in combination 

with nitrogen for all sorption measurements.  
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2.4. Scanning Electron Microscopy 

 

Scanning electron microscopy (SEM) is widely used and an important tool to characterize 

organic and inorganic materials regarding their morphology and structural composition. SEM 

implies a rapid and easy specimen preparation, which is widely used for detailed studies of 

titania anodes
27-30

 and cathodes for lithium-sulfur batteries
31,32

.  

The basic principle involves an incident electron beam, which scans the specimen linewise 

with a certain frequency (raster scanning). The interaction of the incoming beam with the 

specimen generates a series of signals, which provides detailed information about the 

morphology and chemical composition.
33

 

The primary electron beam can be generated in different ways, typically by thermal emission. 

Here, a wire of tungsten or lanthanum hexaboride is heated and the emitted electrons are 

accelerated within an applied electric field under high-vacuum conditions (~10
-8

 Pa; ~10
-6

 

mbar). Field-emission guns are popular sources in modern instruments. Here a potential 

difference, between an anode and a sharp metal tip (e.g. W), causes an electric field and 

electron emission. Thus higher resolutions, due to smaller beam diameters and higher current 

densities, are accessible.  

The beam can be accelerated by applying voltages from 0.1 to 30 kV. Additionally several 

electromagnetic condenser lenses are used to align and stabilize the beam. To achieve a 2D 

image, a scan in x and y direction requires two sawtooth-wave generators to control the 

magnetic fields of coils, which drive the beam at certain frequencies. A high resolution also 

requires small beam diameters in the range of 1 to 10 nm and focusing by the objective lens. 

This electron beam interacts with the matter of the specimen and the different generated 
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electrons and X-rays are collected by detectors and the amplified signal is finally transferred 

into an image or a spectrum. Figure 2.3 summarizes the individual parts of an SEM.  

 

Figure 2.3: Schematic illustration of a scanning electron microscope.
33

  

 

Different electrons are emitted from the specimen (Figure 2.4), which can be usually detected 

by a Everhart-Thornley detector and the signals used for further imaging and characterization. 

Secondary electrons (SE) (< 50 eV) are used for detailed images of the surface morphology, 

they are only emitted from the specimens’ surface. X-rays are emitted from a larger 

interaction volume, which depends on the penetration depth (Figure 2.4). In energy-dispersive 

X-ray (EDX) spectroscopy, characteristic X-ray lines of elements present are detected and 

used for a quantitative chemical analysis. In EDX mapping experiments, a spatially-resolved 

elemental distribution of a defined area is obtained point by point. 

The formation of backscattered electrons (BSE) occurs also in the interaction volume. They 

have high energies above 50 eV, and the detection reveals a high contrast difference between 

different elements of the specimen. The Auger electron (AU) spectroscopy is an additional 

technique to study the surface composition and observe different contrast of elements. These 
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electrons are emitted from a very small volume at the surface, which is favorable for very thin 

specimen. 

 

Figure 2.4: Schematic illustration of the emitted electromagnetic radiation and particles, 

generated by the interaction of a highly energetic incident electron beam with the specimens’ 

matter.
33,34

 

 

SEM studies were carried out with a JEOL JSM-F6500 microscope (field emission gun), 

which is operating at 0.5-30 kV and equipped with BSE, SE and EDX detectors. Powders and 

films were fixed on an aluminum sample holder with a conductive carbon tape or silver 

lacquer. In some cases the samples required conducting carbon coatings, prepared by sputter 

deposition. 
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2.5. Transmission Electron Microscopy 

 

In contrast to SEM, transmission electron microscopy (TEM) uses higher accelerating 

voltages, usually from 80 up to 400 kV (or higher), which also enables very high resolution, 

down to the atomic scale. TEM is advantageous for detailed morphological and 

crystallographic studies of mesoporous and nanocrystalline materials. This also implies the 

observation of void arrangements in highly ordered macroporous oxides
35

 and the 

development of grain formation in the walls of macroporous metals and oxides using in-situ 

heating experiments from room temperature up to 1000 °C.
36,37

  

However, in TEM the specimen preparation, especially cross-sectioning of thin films, is very 

time consuming and implies several steps, e.g. embedding into an epoxy resin, slicing, 

grinding, dimpling and ion polishing. In the case of thin films, small parts can be scratched 

from the substrate and directly transferred to the sample holder. The observation of 

nanoparticles implies the transfer of solutions (dropwise) on the sample holder, which can be 

copper grid having a dense or holey carbon layer, by dropcasting and drying of diluted 

particle suspension in pure and volatile solvents. The resulting sample should be very thin to 

enable the electron transmission. High resolution TEM (HRTEM) requires thicknesses of only 

a few tens of nm. Similar to SEM, the electrons can be generated by thermal emission or by 

field emission guns, and CCD cameras or fluorescence screens can be used for signal 

detection.  

In the case of bright field imaging, the transmitted electron beam is detected directly, while 

dark field imaging is based on the detection of the diffracted/scattered electron beam. Another 

common operation mode, the scanning transmission electron microscopy (STEM), generates 

images by scanning the beam linewise. Typically the detector only measures electrons that are 
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scattered at high angles (High Angle Annular Dark Field mode, HAADF). The detected 

electrons enable a high resolution based on mass contrast.  

Complimentary to XRD, the crystallinity and phase composition of the specimen can be 

determined in electron microscopy by applying a technique called selected area electron 

diffraction (SAED). Corresponding diffraction patterns of single crystals or very small 

crystalline domains can be obtained. The patterns display spots or diffuse rings in the 

reciprocal space, which can be attributed to electron diffraction at the lattice planes if 

crystalline matter is present.
33,38

  

In this thesis TEM images were obtained with a JEOL 2011 transmission electron microscope 

operating at 200 kV and a FEI Titan operating at 300 kV, which is additionally equipped with 

an EDX detector. In both instruments CCD cameras are used for imaging and 

DigitalMicrograph and ImageJ softwares are used for data processing. 

 

 

2.6. I-V Measurements of Solar Cells 

 

For the characterization of solar cell devices it is of fundamental importance to determine 

their performance.
39,40

 One major method is determination of the current-voltage 

characteristics (I-V curve).  

For this purpose different potentials are applied to the solar cell in the dark und under 

illumination, and the resulting current response is measured. From these data the maximum 

power point Pmax can be determined. To avoid cell damage it is important to choose suitable 

edge potentials, and a typical scan rate of 10 mVs
-1

 enables good data collection. Usually 

xenon lamps are used as light sources to obtain the AM 1.5 standard illumination (100 Wcm
-2

, 



 

75 

 

25 °C). The power conversion efficiency ηglobal is defined as the ratio between maximum 

electrical power Pmax and the incoming power Pin, which is also depending on the incoming 

light intensity I. 

        
    

   
 

        

 
 

The fill factor ff is often used for comparison of solar cell devices and defined as the ratio 

between the maximum power and the product of the open circuit potential and short circuit 

current.  

   
        

      
 

    

      
 

A high fill factor indicates that losses from serial or shunt resistances are minimal. Figure 2.5 

shows a typical IV-curve of a photovoltaic device. Usually the detected photocurrent is 

normalized to the active illuminated cell area, which is realized by masking the solar cell.  

 

Figure 2.5: Schematic illustration of a current / voltage curve (IV) of a DSC including 

characteristic points. 

 



 

76 

 

To obtain standard illumination a calibration of the solar simulator is required. A common 

technique for measuring the solar irradiation is based on the conversion of heat generated by 

the solar irradiation into an electronic signal, which correlates to the solar radiation flux 

density (mWcm
-2

). For this reason, a thermopile is the major part of standardized 

pyranometers. Certified measurements are performed by several organizations, such as the 

U.S. Department of Energy's National Renewable Energy Laboratory (NREL) or the 

Fraunhofer-Institute for solar energy systems (ISE), which also provides a certified reference 

solar cell. This reference cell adheres to the international standard (World PV Scale), and is 

again commonly used to calibrate silicon diodes, acting as frequently used reference.  

In this thesis I-V-curves were measured with a ZAHNER Electric IM6ex potentiostat, 

controlled by a ZAHNER Electric software Thales 4.05 USB. Photovoltaic measurements 

were done with an AM 1.5 sun simulator. A Solar Light Co. Xenon lamp (model: 16S-300-

V3, 100 mW/cm
2
) was used as light source and driven by a XPS-400 power supply. Solar 

irradiance was detected by a pyranometer (PMA2144, Solar Light Co.) 

 

 

2.7. External Quantum Efficiency  

 

Measuring the external quantum efficiency (EQE) of a solar cell device is a common method 

to quantify the ratio between the short circuit current density ISC and the product of incident 

photon flux I0 and the elementary charge q. This technique is equivalent to the so called 

spectral incident-photon-to-collected-electron efficiency (IPCE).  
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The EQE or IPCE of a dye-sensitized solar cell is strongly dependent on the irradiation 

wavelength λ, and is the product of different efficiencies, such as the light-harvesting 

efficiency ηlh, the electron-injection efficiency ηinj from the sensitizer (HOMO) into the 

semiconducting oxide (CB) and the electron collection efficiency ηcol. 

In this thesis a 150 W xenon lamp (Lot Oriel Xenon lamp) was used as primary light source. 

The white light passed a monochromator (Horiba Jobin Yvon microHR; slit opening fixed at 

1.5 mm), equipped with appropriate long-pass filters. The primary beam was chopped at a 

frequency of 2 Hz. The secondary illumination source is given by a solar simulator and the 

provided bias illumination was reduced to about 10 mW/cm² using a neutral density filter. 

Finally a signal recovery dual-phase lock-in amplifier was used for signal detection (model: 

7265). EQE measurements were referenced to a silicon photodiode with known spectral 

response.  
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3. Colloidal Poly(methyl methacrylate) Templates 

 

3.1. Introduction 

 

Colloids are widely used and can be composed of a range of inorganic and organic materials.
1
 

Prominent organic colloids are monodisperse polymer beads, which are essential for this 

work. Large poly(methyl methacrylate) ( MMA) microparticles (1 μm to 250 μm) are often 

used for medical applications, which can be attributed to a good biocompatibility and a 

possible drug or particle encapsulation. For this purpose many techniques are reported for the 

PMMA functionalization, addressing the particle solubility, stability and loading behavior.
2-4

 

For example polymer cross-linking, dye incorporation and steric stabilization also enables the 

application in apolar media.
5
  

For other purposes a reduction of the bead size can be essential. Such systems can be obtained 

by emulsion polymerization
6,7

, which is a suitable technique to obtain polymers with spherical 

shape.
8
 

In this thesis we use PMMA beads as shape-persistent sacrificial templates to develop 

macroporous materials, which are further applied as hard templates for more complex 

morphologies. This requires a gram-scale synthesis of monodisperse PMMA beads of 

different sizes. In general it was shown by Zou D. et al. that emulsion polymerization of 

methyl methacrylate (C5H8O2) can produce uniform PMMA particles (ca. 313 nm), without 

further stabilizing the monomer droplets within a water phase.
9
 The final particle size can be 

controlled by the ratio of surfactant to monomer, which is usually much smaller than 1. Based 

on this work, it was reported by Wang et al. that the particle diameter can be further decreased 

to 170 to 190 nm by stabilizing monomer droplets with an anionic surfactant, here sodium 
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dodecyl sulfate (SDS, NaC12H25SO4). Moreover, the diameter was also reduced to 90 to 100 

nm by changing the ratio between the monomer (MMA) and the radical initiator (potassium 

persulfate, K2S2O8), accompanied by a five times higher SDS concentration.
10

  

The work of Wang et al. also applied PMMA beads as hard template for the synthesis of 

macro- and mesoporous materials. Here, macroporous oxide powders (CeO2) with pore 

diameters ranging from 200-240 nm, 70-80 nm (macropores) and 30-40 nm (large 

mesopores), respectively, were obtained by the use of the previously mentioned PMMA 

templates. This dimensions also clearly show the effect of temperature-induced shrinkage, 

noted to be around 29, 58 and 63 %. The temperature-induced shrinkage was observed after 

calcination at high temperatures, e.g. 450 °C, which was required to achieve a complete 

removal of the PMMA template.
10

  

An alternative technique (which was not further used in this thesis) involves the use of 

microemulsions. In this case the monomer-to-surfactant weight ratio is larger or equal to 1. 

For example, small PMMA particles from 98 nm down to 21 nm and polystyrene particles (20 

– 30 nm) were obtained.
11-13

  

 

 

3.2. Experimental Section 

 

Emulsion Polymerization  

In a typical synthesis 98 mg water was degassed by flushing nitrogen through a three-necked 

flask (250 mL) with reflux condenser for 1 h. MMA (6.89 g, 68.8 mmol) and SDS (196 mg, 

0.68 mmol) was added and the mixture was magnetically stirred for 1 h in nitrogen at 90 °C 
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(oil bath). For reaction initiation a solution of K2S2O8 (227.2 mg, 0.84 mmol) in degassed 

water (2 mL) was injected into the emulsion. After a polymerization time of ca. 2 h the 

reaction was stopped by removing heat, exposing to ambient air and cooling to room 

temperature. The PMMA bead solution was stirred for ca. 12 h in air at room temperature, 

filtered and washed three times by centrifugation and redispersion in ultrapure water 

(Millipore Q). The resulting solution contains stable PMMA particles of 30 – 50 nm (SEM, 

Table 3.1).  

The synthesis of the larger PMMA particles is similar and is further described in the 

following chapters (4 - 6, 9). 

 

 

3.3. Results and Discussion  

 

In this thesis highly monodisperse PMMA particles were used as hard templates for 3D 

macroporous structures. The particle synthesis procedures are based on the work of Wang et 

al.
10

 and were slightly modified, and the resulting aqueous colloidal solutions are stable for 

months. All procedures were adjusted to a fixed total volume of 100 mL water and did not 

require KPG-stirrers. During emulsion polymerizations, a permanent control of the stirring is 

necessary to achieve a homogenous particle size distribution. The clear homogenous mixtures 

become turbid white and viscous after the injection of the initiator solution. The reactions and 

final PMMA particle sizes are sensitive to parameter changes in the processing such as a 

change of the stirring bar size and shape in relation to the flask size. The resulting colloidal 

solutions need to be washed, usually 3-4 times by centrifugation and redispersion in water. 
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Because of the rather low PMMA density (1.18 - 1.20 g/cm
-3

), the time for pellet formation 

can vary from around 15 minutes for large particles up to several hours for smaller ones, 

using a centrifuge at 20500 rpm (50228 rcf). After washing, the spheres can be stored as 

stable stock solutions or dry powders, which are redispersible by ultrasonic treatment. 

The PMMA particle diameter is mainly dependent on the surfactant (SDS), monomer (MMA) 

and initiator concentrations, which are summarized in Table 3.1. The listed colloids are 

further used and described in the following chapters (4-6, 9) of this thesis.  

 

Table 3.1. Overview on surfactant, monomer and initiator concentrations, and their influence 

on the PMMA particle size. 

Sample 

description 
SDS (mol/l) MMA (mol/l) K2S2O8 (mol/l) Size* (nm) 

T.Wang et al.
10

 - 0.895 5.0×10
−4

 300 - 320 

 1.7×10
−4

 0.688 2.1×10
−3

 170 - 190 

 8.5×10
−4

 0.688 2.1×10
−3

 90 - 100 

Chapter 4, 5 1.7×10
-4

 3.55 2.1×10
-3

 300 - 320 

Chapter 6 1.7×10
-4

 1.78 2.1×10
-3

 ~ 200 

Chapter 6 8.5×10
-4

 0.688 2.1×10
-3

 ~ 100 

Chapter 9 6.8×10
-3

 2.752 8.4×10
-3

 60 - 70 

Chapter 3 6.8×10
-3

 0.688 8.4×10
-3

 30 - 50 

* Estimated by SEM. 

 

The SEM images in Figure 3.1 clearly demonstrate the homogeneous size distribution 

obtained from the individual polymerizations, which provide PMMA particles in the range 

from around 320 nm down to 30 nm. For SEM imaging the PMMA films (colloidal crystals) 
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were prepared by a horizontal-deposition technique of aqueous colloidal solutions under 

vibration free conditions. Figure 3 c and d show colloidal crystal templates that were slightly 

physically connected by applying a thermal treatment at 80 °C for 2 h. This treatment has no 

influence on the size estimation by SEM. In contrast, Figure 3 a shows loosely packed non-

connected PMMA particles, which were only dried at 60 °C for 1 h. In this case the PMMA 

particle positions were sensitive to the electron beam irradiation time in the SEM, causing 

partial particle movements and rearrangements, and the observed plan view can be different to 

the real one.  

 

Figure 3.1: SEM top-view images of washed PMMA particles having particle diameters in 

the range of 320 (a), 200 (b), 100 (c), 60-70 nm (d) and 30-50 nm (e). (f) Summary of 

corresponding particle sizes (hydrodynamic sizes) estimated by DLS measurements of diluted 

solutions. The peak maxima occur at 324, 223, 143, 91, and 46 nm, respectively.  
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Dynamic light scattering (DLS) is a very sensitive technique to estimate particle sizes in 

solutions. It is known that the observed diameters are often somewhat larger than the ones 

obtained by electron microscopy (where shrinkage can also occur under high vacuum 

conditions), which is attributed to the measured hydrodynamic diameter.
11

All five colored 

graphs show only one distinct peak, correlating to a monodisperse and uniform size 

distribution, which is a critical criterion for the development of ordered nanostructures 

(Figure 3.1 f). 

The observed peak maxima in DLS were attributed to 324, 223, 143, 91 nm and 46 nm, 

respectively, and are in very good agreement with particle sizes estimated by SEM (a-e).  

In general the PMMA particles can be used as hard templates for macroporous (> 50 nm) 

inorganic and organic materials, and different synthetic approaches are suitable for template 

deposition and application of the scaffold precursor.
14,15

  

 

 

3.4. Conclusions  

 

This chapter describes a suitable emulsion polymerization technique that allows high control 

of both the final size of PMMA particles and a narrow size distribution. For this purpose we 

used known procedures and modified them to achieve very stable colloidal solutions of 

particles in the range of about 320 to 40 nm. These solutions provide the essential templates 

for further colloidal crystal templating approaches and the preparation of macroporous 

materials such as titania and silica. In the following our focus is on different deposition 

techniques: (i) one step co-deposition of PMMA templates with different titania precursors, 
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(ii) and a two step replication requiring prior assembly of PMMA spheres, which are further 

infiltrated with hydrolyzed alkoxyprecursors, such as tetraethyl orthotitanate and –silicate, 

respectively. The latter scaffolds are the prerequisite for the development of more complex 

hierarchical structures. This technique is useful to create new templated titania and carbon 

nanostructures having a distinct porosity and spherical or fibrous morphology. These 

morphologies are beneficial for diverse applications in the fields of energy generation, energy 

storage and for controlled drug delivery and release. 

We anticipate that there is nearly no limit regarding the scaffold precursor interacting with the 

spherical templates, which generally opens the way to new macroporous materials, as long as 

the used solvent is compatible with PMMA and the molecular precursor or building block fits 

into the confined space between the spheres. Furthermore, to avoid destruction of the 

templated structure, the solidified precursor should not exhibit large volume changes during 

the processing.  

In this context it is worth noting that the developed PMMA particles are part of various recent 

research projects of Dr. Yujing Liu (Dissertation, 2012), Erika Mühlbauer (Master thesis, 

LMU, 2012), Enrico Greul (Master thesis, 2013), Ilina Kondofersky, Dr. Markus Waibel and 

Prof. Dr. Dina Fattakhova-Rohlfing, all at the LMU, respectively. These studies contain 

unpublished results and are not further presented in this thesis.  

Furthermore, several macroporous structures developed with these templates turned out to be 

interesting model systems with complex percolation pathways, and the charge transport in the 

resulting TiO2 films was investigated by our collaboration partners  ynek Nӗmec et al. 

(Academy of Sciences of the Czech Republic) by time-resolved terahertz spectroscopy.
17
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4. Tuning of Crystallinity Parameters in Macroporous Titania Films 

 

The following chapter is based on collaborative research with Norma K. Minar and Johann M. 

Feckl (both LMU), who prepared well-defined titania nanoparticles of 6 and 4 nm, 

respectively. The work was also supported by Prof. Dr. Dina Fattakhova-Rohlfing.  

 

4.1. Introduction  

 

Macroporous crystalline titania offers specific morphological benefits
1-4

. The open 

architecture exhibits a high accessibility and in principle enables efficient mass transport into 

the structure via pores (> 50 nm) that are also interconnected by smaller windows. These pore 

dimensions enable an interaction of the high refractive index titania scaffolds with light, 

which can increase the light harvesting efficiency for photoprocesses by scattering, and in the 

case of ordered arrays photonic effects can be exploit. Macroporous titania is a very attractive 

system for chemical sensing of molecules
5,6

, insertion of lithium ions,
7,8

 photocatalytic 

decomposition of organic compounds
9-13

 and photoanodes in solar cell devices.
14-23

 The 

preparation of macroporous titania usually follows a time-consuming two step replication 

approach, which starts with the deposition
 

of polymer spheres
24,25

 and the subsequent 

infiltration of molecular titania precursors or titania nanoparticles into the interstitial voids of 

the preformed colloidal crystal template
26-28

. The infiltration of anatase nanoparticles can be 

improved by adjusting the polymer bead size, titania particle size and concentration, by tuning 

parameters such as temperature and number of infiltration steps, or by surface modifications 
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of the titania surface.
20,22,23

 Alternatively, a one-step co-deposition of the template and 

precursor has been applied using spray deposition
29,30

, doctor-blading
31

, vertical 

deposition
32,33

 and sedimentation
34

 methods. These techniques can shorten the fabrication 

time of macroporous titania films, accompanied by enhanced control over the final wall 

thickness depending on the template/precursor ratio.  

In a final step, polymer templates are usually removed by thermal decomposition, which is 

accompanied by further densification and crystallisation of the precursors within walls of the 

3D open macroporous materials. Precursors for the titania scaffold applied in the above 

techniques can either be sol-gel processed or nanocrystalline building blocks, and they are 

similar to the ones used for the preparation of various titania materials in the form of 

mesoporous films
35-45

 and mesoporous particles,
46-48

 powders
49

 and nanocrystals.
50

 The choice 

of precursor influences the crystallinity parameters such as phase composition, crystal shape, 

crystal size and interconnectivity of the crystals. In addition, mesoscopic features of the 

macroporous films such as porosity, pore size, pore connectivity and the surface area, as well 

as the macroscopic properties such as thickness and homogeneity of films or their optical 

behavior are expected to have a great impact on the performance of such films in different 

devices.  

 

The crystallization behavior not only strongly depends on the calcination temperature but it 

can also be influenced by a post-synthetic hydrothermal treatment of soft-templated metal 

oxide films. With this so-called delayed humidity treatment (DHT) highly ordered 

mesostructures can be obtained that are more stable against shrinkage and collapse of the 

structure.
51

  

Here we present a comparative study of macroporous titania films based on the co-deposition 

of monodisperse PMMA spheres (~ 320 nm) with a variety of titania precursors using spin-
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coating and drop-casting techniques. We show that the crystalline domain size within the pore 

walls can be tuned by a selection of different titania precursors – molecular or particulate – 

and the variation of the calcination temperature (400 and 500 °C). These parameters influence 

the crystal growth and the macroscopic properties of the films, such as homogeneity and 

texture. The utilized precursors exhibit different initial crystallinity, from amorphous sol-gel
52

 

to crystalline particles, having sizes of 4,
44

 6,
53

 and 18
54

 nm, respectively. Additionally, a 

combination of sol-gel precursors with nanoparticles in a so-called brick and mortar approach 

was investigated. Depending on the described parameters we are able to tune the crystal 

domain sizes in the macropore walls from about 9 to 26 nm.  

In addition to the choice of the precursor, we have investigated the influence of post-synthesis 

treatment of the assembled films on the crystallization behavior and final properties. As such, 

thermal treatment at different temperatures and a hydrothermal treatment of the PMMA-

titania composites before calcination at 450 °C were explored. Additionally, this treatment 

shows a profound beneficial influence on the heating-induced shrinkage of the structures, thus 

stabilizing the desired porous scaffolds. 

 

4.2. Experimental Section 

 

Chemicals 

All chemicals are commercially available and were used without further purification. Methyl 

methacrylate (99%, MMA), sodium dodecyl sulfate (SDS), tetraethyl orthotitanate, titanium 

iso-propoxide, titanium tetrachloride, hydrochloric acid (conc.), nitric acid (conc.), potassium 

chloride and the organic solvents were obtained from Sigma-Aldrich or from an in-house 

supplier. Pure water was obtained from a Millipore Q system. 
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Synthesis of PMMA nanoparticles 

The PMMA spheres were synthesized via an emulsion polymerization route,
55

 yielding an 

aqueous colloidal solution. Clean water (98.0 mL, milipore Q) was degassed in a three-necked 

flask (250 mL) for 1 h by a stream of nitrogen, before sodium dodecylsulfate (5.6 mg, 

0.017 mmol, SDS) and methylmethacrylate (35.5 g, 0.35 mmol, MMA) were added. The 

monomer mixture was stirred magnetically (Heidolph MR 3001K) for 1 h at 90 °C (external 

oil bath) in nitrogen atmosphere to obtain a homogenous emulsion. A solution of potassium 

peroxodisulfate (56 mg, 0.2 mmol, K2S2O8) in water (2 mL) was injected to initiate the 

polymerization. The solution turned white within 5 minutes, indicating the formation of 

particles. The reaction was continued for 2 h at 90 °C, before the flask was exposed to air and 

cooled with an ice bath. The colloidal solution was stirred over night, filtered over glass wool 

and washed three times by centrifugation and redispersion in water.  

Since an aqueous medium is unfavorable for a controlled hydrolysis of titanium alkoxides
56

 

the PMMA was dried in air at room temperture and redispersed in ethanol to prepare mixtures 

with various titania precursors. The size of the PMMA spheres was estimated at around 

320 nm from field emission (FE) SEM images, which is in good agreement with the average 

size of 324 nm measured by dynamic light-scattering (DLS) (Figure S1 a, b). 

 

Synthesis of macroporous titania 

All following mixtures contained 325 mg of ground PMMA powder, and the amount of 

titania precursors was adjusted to transform to 100 mg anatase after calcination. 
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Sol-gel  

The titania sol-gel solution corresponds to the one we used for dip-coating infiltration of 

PMMA colloidal crystal template films.
52

 325 mg PMMA powder was well dispersed in 4 mL 

ethanol by the use of an ultrasonic bath for several hours at room temperature. Tetraethyl 

orthotitanate (0.36 g, 1.25 mmol, TEOT) was added and the solution was stirred for another 

hour at room temperature. To this mixture 230 μL (37%, 2.8 mmol) of HCl was added. The 

solution is ready for use after additional stirring for 10 minutes. We note that a direct addition 

of the prehdrolyzed TEOT solution to the PMMA solution led to a strong increase of 

viscosity, which would be unfavorable for further use. 

NP-18 

Crystalline anatase nanoparticles were prepared according to literature reports.
57

 To 9.47 g 

titanium iso-propoxide (33.0 mmol) was added drop wise within 15 minutes 1.90 ml acetic 

acid (33.0 mmol) under stirring at room temperature. To the faint-yellow solution 48.5 ml 

water was added to form a white precipitate. The mixture was stirred for 1 h before 4 ml of 

nitric acid (conc.) was added. An additional refluxing at 80 °C for 75 minutes was applied. 

Prior to the hydrothermal treatment in an autoclave (100 mL, PTFE) at 250 °C for 12 hours, 

0.44 ml of water was added. After reaction, 0.40 ml of 65 % nitric acid was added to the 

precipitate, which was treated with ultrasound for 60 minutes. The resulting solution was 

concentrated by rotary evaporation and the titania nanoparticles were washed three times with 

absolute EtOH by centrifugation and redispersion (19000 rpm; 20 minutes). 

For film preparation (NP-18), 100 mg of the titania NPs were redispersed in 4 mL absolute 

ethanol by ultrasonic treatment, than 325 mg fine PMMA particle powder added, and the 

solution stirred over night.  
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NP-6  

Titania nanoparticles (NP-6) were synthesized by a route described by Niederberger et al..
42,53

 

Here, 1.5 mL titanium tetrachloride (13.7 mmol) was cautiously dropped into 10 mL toluene 

under stirring. Then 30 mL benzyl alcohol (290.8 mmol) was added to the solution, which 

was further heated in a plastic autoclave at 60 °C for 20 h. After the reaction, the nanoparticle 

solution was centrifuged (50000 rcf ; 30 minutes) and the titania content within the pellet was 

estimated by gravimetry. Finally, 100 mg of titania nanoparticles were redispersed in 4 mL 

ethanol and used according to the film preparation in NP-18.  

 

NP-4 

The preparation is similar to NP-6, but in contrast 30 mL tert-butyl alcohol (320 mmol)
44

 was 

used instead of benzyl alcohol.  

A twofold microwave heating procedure (Synthos 3000, Anton Paar) was performed in 

100 mL autoclaves. One step involved heating up to 80 °C within one minute, followed by 

cooling to and dwelling at 50 °C for another 20 minutes. The resulting titania nanoparticle 

solution was washed by a successive particle flocculation using a mixture of n-heptane/ tert-

butyl alcohol (2 : 1, vol.), and centrifugation (50000 rcf; 15 minutes). The final particles were 

redispersed in absolute ethanol, and the titania content was estimated by gravimetry. 

Typically, 100 mg of titania nanoparticles (NP-4) were dispersed in 1 mL ethanol and added 

to 3 mL of an ethanolic PMMA particle (325 mg) dispersion. Prior to use, the final solution 

was stirred over night.  

 

NP18 & Sol-gel 

This titania mixture was prepared by mixing an ethanolic solution of 70 mg nanoparticles 

(NP18) and 325 mg PMMA particles over night before 108 mg of TEOT (0.37 mmol) was 
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added. The solution was stirred for 1 h at room temperature and finally 69 μL HCl (37%, 

0.8 mmol) was added to obtain the final mixture with a total amount of 4 mL ethanol.  

 

Film preparation  

Typically all PMMA/titania precursor solutions were spin coated (2000 rpm) or drop-casted 

on silicon wafer (15 μL on 2.25 cm
2
). After drying at room temperature under vibration-free 

conditions (ca. 1 d), films were calcined in air up to 400, 450 and 500 °C, respectively. The 

heating ramp was 1 °C/ min and dwell time defined to 1 h.  

 

Humidity treatment 

PMMA/ NP-6 composite films were also treated according to a procedure reported 

elsewhere.
51

 First they were dried in air at room temperature, than stored in a desiccator and 

exposed to water vapor at 100 °C for 1 d or 7 d, by placing the desiccator in an oven at this 

temperature. The bottom of the desiccator was filled with a saturated aqueous KCl solution. 

Afterwards a calcination at 450 °C in air was applied. The heating ramp was 1 °C/ min and 

dwell time was defined to 1 h. 
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4.3. Results and Discussion 

 

The aim of this study is the development of a one-pot fabrication of crystalline macroporous 

titania films using a direct co-deposition of colloidal titania precursors and poly 

(methylmethacrylate) (PMMA) beads. We are especially interested in synthetic means to 

control the crystallinity and morphology of the films. Although many of the applications 

based on semiconducting titania such as sensors
5,6

, photocatalysts
9-13

and solar cells
14-23

 profit 

from high crystallinity of the titania morphology, different applications have specific 

requirements regarding the crystallinity parameters such as phase composition, crystal shape 

and facetting, crystal size and interconnectivity of the crystals. In addition, mesoscopic 

features of the macroporous films such as porosity, pore size, pore connectivity and the 

surface area, as well as the macroscopic properties such as overall thickness and homogeneity 

of films or their optical behavior have a great impact on the performance of such films in 

different devices.  

 

In order to address these issues we have performed, to the best of our knowledge and for the 

first time, a direct comparison of several titania precursors in the film assembly to study their 

influence on the properties of the macroporous films, and thus provide a direct comparison of 

the crystallinity and the morphology of the resulting films. We have used several precursors 

offering different crystallinity and crystal sizes. One of the most common precursors for the 

assembly of titania morphologies is amorphous colloidal sol-gel titania (assigned SG).
13,14,35,39 

We have used this precursor as a known benchmark for the film fabrication. The SG precursor 

for our study was prepared by adding tetraethyl orthotitanate (TEOT) and some amount of 

HCl to a dispersion of PMMA beads with the size of ca. 320 nm (Figure S1, Supplementary 

information) in ethanol. Additionally, we have examined colloidal dispersions of already 
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crystalline titania nanoparticles with different particle sizes. The smallest particles (assigned 

NP-4) were prepared by a microwave-assisted synthesis in tert-butanol.
44

 The particles 

prepared in this way have a size of about 3–4 nm with a narrow size distribution, they are 

largely crystalline corresponding to the anatase phase with an amorphous shell, and are well 

dispersible in ethanol. Slightly larger particles of ca. 5–6 nm in size (assigned NP-6) were 

obtained by a solvothermal synthesis in benzyl alcohol.
42,53

 These particles are poorly 

dispersible in ethanol resulting in turbid dispersions of agglomerated nanoparticles. The 

largest fully crystalline anatase particles (assigned NP-18) of ca. 18 nm in size were prepared 

by hydrothermal treatment of hydrolyzed tetraisopropyl orthotitanate.
57,58

 All particles were 

charcterized after synthesis by SAED and TEM and are shown in Figure S2 a, b (NP-6), c, d 

(NP-4) and in Figure S4 b (NP-18), respectively.  

 

All the macroporous titania films described in this work were made by a similar procedure. 

Typically, ethanolic dispersions of titania precursors (25 mg/mL) were mixed with an 

ethanolic dispersion of the PMMA beads in a PMMA / TiO2 weight ratio of 3.25 to 1. The 

resulting white colloidal dispersions were spin coated or drop casted on substrates. The 

composite films were heated in air at 400 °C or 500 °C using the same heating procedure. The 

similarity of the heat treatment procedure for different films makes possible a direct 

evaluation of the role of different precursors in the crystallization mechanism and the final 

crystallinity of the films obtained from different precursors. 

 

Coating of all the described precursor solutions on a substrate leads to the formation of thin 

semitransparent, rough and slightly scattering films after calcination. The average thickness of 

the films is about 1 µm. The thickest films are obtained with the amorphous SG precursor, 

while the use of larger crystalline NP-18 precursor results in the thinnest films. Although the 
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films obtained from different precursors look similar at the first glance, they show a striking 

difference in their mechanical stability and the adhesion to the substrate depending on the 

nature of the precursor. The SG precursor provides homogeneous coatings with a good 

adhesion to the substrate. The coatings become more fragile with the increasing crystal size of 

the crystalline precursor. The films assembled from NP-4 and NP-6 precursors still have 

rather good mechanical stability and substrate coverage, but the films obtained from NP-18 

nanoparticles are very fragile and do not cover the substrate completely. Thicker NP-18 films 

strongly contract after drying into single small flakes lying loose on the substrate (Figure S6 

b, Supplementary information). However, the wetting and adhesion properties of the 

crystalline precursor dispersions are drastically improved when some amount of sol-gel titania 

is added to the nanocrystal dispersion. This so called ‘Brick and Mortar’ approach, developed 

by us earlier for block-copolymer-templated mesoporous titania assembled from 

nanoparticles, was shown to be a very promising method to obtain fully crystalline porous 

layers at relatively low temperatures.
42

 This approach also seems to be applicable to larger 

pore dimensions and to other types of templates. Thus, mixing of the NP-18 particle 

dispersion with some amount of SG precursor (in the ratio 30 : 70 wt % of SG : NP-18 

drastically changes the properties of the resulting films (assigned as NP-18-SG). This ratio is 

based on the assumption that the sol-precursor completely transforms after calcination into 

antase and that it is present within the architecture at a fraction of 30 wt% (Ti). The films 

completely cover the substrate and they have a much better adhesion and mechanical stability 

(Fig. S6 a).  

 

SEM images (Fig. 1) demonstrate that the films assembled from all the precursors examined 

here have an open macroporous morphology with a uniform pore size but rather low 

periodicity of the pore ordering. The specific parameters of porosity such as pore size, pore 
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connectivity, wall thickness and, importantly, the change in the pore size (shrinkage) after 

calcination depend strongly on the origin of the used precursors. The sol-gel sample SG (Fig. 

4.1a, b) shows the highest degree of pore ordering. This scaffold shows individual macropores 

with diameters of about 235 nm that are interconnected by ca. 50 – 120 nm windows. The 

thickness of the titania walls is about 20 – 40 nm. The morphology obtained by this one-pot 

co-precipitation is in fact very similar to that obtained by a two-step infiltration approach, but 

its fabrication is more simple and less time-demanding.
52

  

When crystalline nanoparticulate building blocks are used instead of the amorphous 

molecular precursor, the size of the single crystals matters. Basically, the bigger the size of 

the used particles, the less perfect is the replication of the curvature of the original PMMA 

beads. The films assembled from small NP-4 and NP-6 precursor crystals show less periodic 

pore ordering compared to the SG sample (Fig. 4.1a and 4.1f), but much better regularity 

compared to films obtained from the large crystalline NP-18 precursor. Surprisingly, the films 

assembled from the larger NP-6 particles show more regular pore packing compared to the 

smaller NP-4 precursor. We tentatively attribute this effect to different hydrophilicity/ 

hydrophobicity of the particles obtained by different reactions, and consequently different 

interaction with the PMMA beads. The pores of films assembled from the NP-4 precursor are 

rather rough and irregular. Sample SG and NP-4 have a similar pore size of around 240 nm, 

which corresponds to shrinkage with respect to the original template size of 320 nm by about 

25 %. The NP-6 films show rather regular pore packing comparable to that of the sol-gel 

sample, but a larger pore diameter of 270 to 290 nm and a significantly reduced shrinkage of 

about 10-16 %. In contrast, the NP-18 sample assembled from large crystalline nanoparticles 

is very rough, completely disordered and is composed of non-uniform pores with a broad 

variety in shape and size (Fig. 1c, d) separated by about 100 nm thick walls. Due to the large 
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size and high crystallinity of the 18 nm anatase precursor particles the shrinkage of the pore 

size in NP-18 samples is furthermore reduced to approximately 3 to 10 %.  

 

 

Figure 4.1: SEM top view images of macroporous titania films prepared by spin-coating and 

calcined at 500 °C: (a, b) sol-gel derived TiO2, (c, d) NP-18, (e) NP-6, (f) NP-4 and (g) ‘brick 

and mortar’ combination of N -18-SG.  

 

As mentioned before, the addition of an amorphous sol-gel ‘mortar’ to the NP-18 precursor 

changes the properties of the films completely. The morphology of the NP-18-SG resembles 

much more that of the SG films with nice uniform pores with a smooth surface and dense 

interconnecting walls (Figure 4.1g). In contrast to the NP-18 sample, the pores are even 
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partially ordered with a size ranging from 250 to 270 nm and wall thicknesses of 25 – 45 nm. 

We view this strategy as a successful extension of our previous ‘brick and mortar’ approach 

to a large-scale hard templating method and much larger TiO2 precursor nanoparticles. 

 

The second important issue we investigate beside morphology is the crystallinity of the films 

and the texture of the titania walls in the macroporous structure as controlled by the type of 

precursor. The TEM images in Figure 4.2 illustrate the composition of the scaffold walls and 

the interconnectivity of the resulting anatase crystals with respect to the different precursors. 

Complementary to the TEM studies, we further investigated the TiO2 crystallization process 

by XRD measurements, focusing on the 101 anatase reflection and extracting the mean 

crystallite size from the signal broadening (Figure 4.3). No XRD data at 60 °C are shown for 

the samples SG (Figure 4.3 b) and NP-18-SG (Figure 4.3 d), because drying causes no 

obvious increase in crystallinity of the initial amorphous sol-gel derived sample, and for NP-

18-SG it should correlate to the crystallite size of the used titania nanoparticles. As shown in 

Figure S3 e, precursor NP-18 consists of already uniformly grown crystals after hydrothermal 

synthesis. The corresponding SAED pattern (Figure S3 a) proves the high crystallinity of the 

anatase particles. Applied in macroporous films, these NP18 particles were randomly packed 

in the walls of the scaffolds and exhibit a certain textural porosity (Figure S3 d) after 

calcination at 400°C. From the corresponding TEM image (Figure S3 f) we can conclude that 

a higher sintering temperature of 500 °C formed a higher packing density of particles, but no 

distinct change of particle size was observed. The higher calcination temperature had also no 

effect on the type of the titania phase present (anatase), which was derived from the similar 

SEAD pattern (Figure S3 c, e).  

We now consider the other extreme of the synthetic methods presented here, that is, starting 

with amorphous sol-gel precursors. Due to the amorphous nature of the SG precursor the 
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walls of the macroporous titania SG films are dense and compact after calcination (SEM 

images, Figure 4.1 b, S2 b). TEM investigations proof the polycrystallinity within the walls 

(Figure S5 a-c), which is in good agreement to reported 10 to 40 nm large anatase crystals 

observed in other macroporous sol-gel derived TiO2 structures.
2,18,45,52,59

 For the SG, NP-4 

and NP-6 films additional bright spots in the SAED pattern are observed after 500 °C 

calcination due to the transformation of small randomly oriented particles into larger 

crystalline anatase domains.  

 

In contrast to the smooth and dense walls of the SG sample (Figure 4.1 a, b), the walls of all 

nanoparticle samples (NP-4, NP-6, NP-18) show a distinct particulate texture due to the used 

crystalline solid building blocks. This way the surface area compared to the dense SG 

scaffold is increased, which can be advantageous for applications requiring a high surface 

area. 
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Figure 4.2: Selected area electron diffraction patterns (SAED) and TEM images of powders 

scratched off from films after calcination. (a) NP-6 400 °C, (b) NP-6 500 °C, (c) NP-4 

400 °C, (d) NP-4 500 °C, (e, f) NP-18-SG 500 °C at different magnifications. 

 

The most significant change of the crystal size with treatment temperature due to grain growth 

was observed for NP-4. For the initially ca. 3–4 nm particles an anisotropic growth was 

estimated to 10 ± 3 nm x 8 ± 2 nm and 21 ± 10 nm x 15 ± 4 nm at 400 °C and 500 °C, 
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respectively (Figure 4.2 c, d). A similar trend can be seen for the initially 5–6 nm large NP-6 

building-blocks.
42,53

 After calcination, the resulting crystals exhibit an average length of 13 ± 

2 nm and width of 10 ± 3 nm after 400 °C, and 16 ± 4 nm and 14 ± 2 nm after heating at 

500 °C, respectively (Figure 4.2 c, d). Thus for both samples the linear crystallite size 

increased by a factor of 2 for 400 °C and even a factor of 3 upon heating at 500 °C. The 

increase in the crystal size after calcination can be explained by a solid-state diffusion 

(Ostwald ripening) of the NP-4 and NP-6 precursors, which is greatly enhanced for the very 

small nanoparticles. In comparison, NP-18 exhibits nearly no grain growth after calcination, 

which is attributed to the bigger size and smaller surface area of the crystals at the 

beginning
57,58

 (Figure 4.3 e, f, S4 a, b). The TEM images of the NP-18 films after calcination 

at 400 and 500 °C demonstrate that the walls are composed of very loosely packed crystals 

whose size practically does not change compared to the precursor particles (Figure S4 d, f).  

 

As discussed above, the morphology can be dramatically improved by the addition of some 

amount of titania sol-gel precursor (compare Figure 4.1 d, g). This amorphous ‘mortar’ 

containing some HCl apparently has the effect that the individual NP-18 building blocks are 

more homogeneously distributed in the casting solution of sample NP-18-SG.
64

 As a result it 

was possible to achieve a high titania infiltration into the PMMA interstitials and to reduce 

textural porosity. The TEM image in Figure 4.2 e, f displays macroporous titania with highly 

dense walls where crystalline domains similar to the precursor NP-18 particles can be 

observed. TEM, SAED and XRD data show fully crystalline titania without any indication of 

the amorphous phase. Therefore we can conclude that the already crystalline NP-18 particles 

assist in the crystallization of the initially amorphous molecular precursor by acting as 

crystalline seeds, similar to the effect observed by us earlier for mesoporous titania.
42,43,52
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Both sol-gel precursor mixtures - SG (Figure 4.3 b) and especially NP-18-SG (d) - which 

both contained hydrolyzed TEOT feature the largest crystalline domains at 500 °C (see XRD 

line shapes in Figure 4.3 f). The largest mean crystallite sizes for both calcination 

temperatures and compared to all studied precursors could be observed for the NP-18-SG 

sample. This result clearly demonstrates the incorporation and crystallization of sol-gel 

derived titania around the already crystalline large hydrothermally processed anatase particles 

(NP-18, Fig. S3; NP-18-SG, Fig. 4.2 f). 

 

To compare the crystallization behavior with respect to morphology, the crystallinity of some 

of the above precursors was also studied in mesoporous systems.
45

 In the course of this study 

a linear dependence of grain size with calcination temperature was observed for a TEOT 

based precursor (similar to SG) between 400 – 700 °C, exhibiting grains of 12 nm (400 °C), 

14 nm (500 °C) and 23 nm (700 °C), respectively.
45

 Comparing with our work, the NP-4 

building blocks show sizes of 6, 8 and 13 nm after calcination at 300, 500 and 600 °C, 

respectively.
44

 This can be attributed to different heating protocols, resulting in different 

nucleation and growth rates. Furthermore, the hard templates used here (PMMA beads, 

~320 nm) provide a larger confined space than the micelles of block-copolymers templates
45

, 

which offers both a larger local reservoir for growth species and an increased space for crystal 

growth.  

 



 

108 

 

 

Figure 4.3: XRD study showing individual anatase (101) reflections of macroporous titania 

samples obtained after different treatments (after drying at 60 °C for 1 h and calcination). The 

normalized reflections of macroporous titania samples obtained with nanocrystalline building 

blocks NP-4, NP-6 and NP-18 are shown in (a), (c) and (e). The samples containing a 

molecular and initially amorphous precursor, sol-gel (b) and NP-18-SG (d), were only 

characterized for 400 and 500 °C. (f) Graphical summary and development of grain growth 

with temperature (from line broadening; Scherrer equation). (e) additional 110 reflection 

indicates some rutile present (27.5 °2θ). 

 



 

109 

 

The properties of the different macroporous samples are summarized in Table 4.1. 

 

Table 4.1. Crystallite domain size from macroporous titania treated at different temperatures. 

 size* (nm)  

after heat treatment (°C) 

Comments 

Sample  

 

60  400  500 technique morphology Shrinkage┴ 

Sol-gel n.a. 16.3 23.1 sc ordered** ~ 26 % 

NP-18 

NP-18-SG 

19.2 

 

20.3 

24.0 

20.7 

26.3 

sc, dc 

sc, dc 

random 

ordered** 

~ 3 -10 % 

~ 16 - 22 % 

NP-6 5.6 9.3 16.5 sc less ordered ~ 10 - 16 % 

NP-4 4.7 8.9 13.4 sc ordered** ~ 25 % 

* Estimated by XRD using Scherrer equation. 

** Locally ordered in domains, but no photonic effects were observed. 

┴ Difference of macropore diameter in relation to initial PMMA sphere size of ca. 320 nm. 

sc: spin-coating; dc: drop-casting 
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Enhancing crystallization through processing 

In addition to the choice of the precursor and the temperature treatment as the means to tune 

the crystallinity and the morphology of the films, we have investigated an alternative strategy 

to affect the final crystal size, morphology and macroscopic film quality. For that purpose, an 

additional post-synthetic delayed humidity treatment (DHT) of the assembled PMMA/titania 

composites was performed prior to the films’ calcination. A similar method is known for sol-

gel derived mesoporous titania and tin-oxide films, where it improved the mesostructure 

formation and induced the crystal growth of the amorphous precursors.
51,52,65,66

  

 

Figure 4.4 shows TEM images of three identically prepared macroporous titania films with 

the NP-6 precursor but treated differently before calcination in air at 450 °C (Figure 4.4 a – 

c). The first sample NP-6 was calcined directly after film formation (a), while the two other 

samples were stored for 1 day (b) or 7 days (c) within a desiccator at 100 °C at around 90% 

relative humidity (NP-6-1d, NP-6-7d). The TEM image in Figure 4.4 a represents a 

magnified area of a macropore interconnection, which looks similar to the one calcined at 

500 °C (Figure 4.2 d). The SAED pattern of NP-6 (Fig. 4.4. d) reveals the polycrystalline 

composition, and an anisotropic shape of the particles being 17 ± 7 nm long and 12 ± 4 nm 

wide can be extracted from the TEM image (Fig. 4.4. a), which is similar to the size and shape 

obtained after 500 °C (Fig. 4.2 b). For this reason we assume that for the sample NP-6 no 

significant further crystal growth takes place above 450 °C.  
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Figure 4.4: HR-TEM images and SAED patterns of macroporous titania using NP-6 as 

building blocks and a PMMA hard template. Samples were calcined at 450 °C and show the 

influence of a post-synthetic humidity treatment (DHT). (a, d) particles after calcination (NP-

6); (b, e) particles and morphology after calcination, but previously applied humidity (DHT) 

treatment at 100 °C at 90 % RH for 1 d (b, e; NP-6-1d) and 7 days (c, f; NP-6-7d), 

respectively. 

 

The applied post-synthetic humidity treatment (DHT) leads to particle sizes (Figure 4.4 b, c 

inset) of 10 ± 2 nm (length) and 8 ± 1 nm (width) which corresponds more to a calcination at 

400 °C (Figure 4.2 c). The related SAED patterns (e, f) are attributed to anatase
60,61

 and 

underline the smaller size by featuring mainly diffuse rings compared to the non-treated, 

calcined sample, which exhibits additional bright spots (d). Additionally, we observed that a 

7 d humidity treatment significantly improves the macrostructure ordering and stabilized the 
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PMMA/ titania building-block architecture upon temperature induced shrinkage. The TEM 

overview image in Figure 4.4 c shows a small magnification of a highly ordered part of the 

scaffold, which was scratched off the substrate. It represents a excellent replication of the 

inverse structure of the PMMA spheres, which indicates a good adhesion of the nanoparticles 

to the templates´ surface. Furthermore, the architecture, looking more like an array of titania 

hollow spheres rather than a macroporous scaffold, is stabilized dramatically regarding 

heating-induced shrinkage. The corresponding TEM image in Figure 4.4 c shows wall-to-wall 

distances of around 315 nm, which is nearly the size of the initial PMMA particles (~ 

320 nm). 

 

 

4.4. Conclusions 

 

In this study we have presented the co-deposition of uniform PMMA hard templates with a 

variety of titania precursors to create macroporous films by spin coating and drop-casting and 

compared the scaffolds´ crystallinity, originating from sol-gel, three different crystalline 

titania nanoparticles and a combination of both (brick & mortar method). The precursors 

exhibit characteristic crystal domain growth upon calcination at 400, 450 and 500 °C. As a 

result, crystalline domains within the anatase scaffolds can be adjusted up to about 26 nm. 

The individual grain size and morphological differences were studied in detail by FE-SEM, 

HR-TEM, SAED and XRD. 

Moreover, a post-synthetic humidity treatment strongly influences the further crystal growth 

of nanoparticle-derived scaffolds upon calcination at 450 °C. As a result the macroporous 

structure was stabilized against heating-induced shrinkage. 
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4.5. Supporting Information 

 

 

Figure S1: SEM top-view image of washed and loosely packed PMMA particles dried on a 

flat silicon wafer. Particle diameters are in the range of 320 nm (a, SEM) and a peak 

maximum of 324 nm was estimated by DLS (b).  
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Figure S2: SAED and TEM images of small titania nanoparticles NP-6 (a, b) and NP-4 (c, d) 

obtained after synthesis. Particles were transferred from solutions to the TEM grids. 
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Figure S3: FE-SEM top-view images (a, b, c, g) and TEM images of films removed from 

substrates (e, f) obtained after calcination at 400 °C. The following precursors were used: sol-

gel derived TiO2 (a, b), NP-18 (c), NP-6 (e), NP-4 (f) and brick and mortar combination of 

NP-18/sol-gel (g).  
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Figure S4: Detailed characterization of NP-18 using SAED (a, c, e) and TEM (b, d, f). 

Washed and dried anatase particles after synthesis (a, b). Packed particles in the walls of the 

macroporous architectures after calcination at 400 °C (c, d) and 500 °C (e, f), respectively. 

For TEM investigations titania was removed from the films by scratching. Titania powders 

were collected, redispersed in ethanol and transferred to the TEM grids (dropwise).  
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Figure S5: SAED of sol-gel derived macroporous anatase (a) and TEM images of dense 

polycrystalline walls (b, c). The sample was collected from a film that was calcined at 500 °C 

in air.  
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Figure S6: Macroporous layers composed of NP-18/ sol gel (a) and only NP-18 (b) after 

calcination at 500°C for 1 h in air. For NP-18/ sol-gel a twice higher volume of precursor 

solution was simply drop-casted on a common microscope slide.  
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5. Formation of Interpenetrating Hierarchical Titania Structures by 

Confined Synthesis in Inverse Opal  

 

This chapter is based on the following publication. 

Benjamin Mandlmeier, Dina Fattakhova-Rohlfing, Heinz Amenitsch, and Thomas Bein, 

J.Am. Chem. Soc. 2011, 133, 43, pp 17274–17282. 

 

5.1. Introduction 

 

Metal oxides with periodic porous architecture have shown great potential in processes 

involving interface- and transport-related phenomena, such as adsorption, catalysis, energy 

conversion
1-3

 and storage,
4-6

 or biomaterials.
7-9

 Tuning the chemical functionality and the 

morphology of the pore network provides a flexible means to optimize the performance of 

such materials. However, for specific applications such as those based on transport 

phenomena it would be highly desirable to implement a hierarchical organization of different 

scales of porous frameworks in one material. 

The majority of reports on the fabrication of the hierarchical porous metal oxides deal with 

systems containing different scales of pores. Such materials, which combine large pores with 

walls that consist of the small ones
7,10-12

 are of interest for applications involving molecular 

adsorption and diffusion phenomena, and whose functionality is therefore largely governed by 

the properties of the pores.
7,11

  

http://pubs.acs.org/action/doSearch?action=search&author=Fattakhova%5C-Rohlfing%2C+Dina&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Amenitsch%2C+Heinz&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Bein%2C+Thomas&qsSearchArea=author
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Another type of hierarchical systems involves different length scales of two different physical 

properties, for example pore diameter and crystal size of a larger backbone. Such hierarchical 

morphologies have been much less investigated, but they are of significant interest for various 

applications, for example those involving charge transfer and charge transport properties, in 

which the performance is determined by the electronic properties and the size of the inorganic 

backbone in addition to the dimensions of the porous network. Examples for these 

applications are new forms of hybrid or dye-sensitized solar cells, where the charge carrier 

diffusion length is one of the important performance-limiting factors
13-15

 and whose efficiency 

strongly depends on the morphology of the titania layer acting as an n-conductor.
1,16,17

 These 

devices are expected to benefit from hierarchical structures, because the latter provide the 

combination of both larger structural elements for high carrier conductivity over greater 

length scales and very small ones for achieving large interface areas. Moreover, an additional 

possible increase in the light harvesting efficiency can be achieved due to photonic or 

backscattering effects resulting from periodic macroscopic structures,
18-21

 However, these 

effects were not a focus of the present study. Nanotube arrays, rods and inverse opals are 

examples for such large macroscopic titania morphologies that demonstrate excellent electron 

transport properties due to optimized orientation with respect to the current collector, or large 

crystal size with few grain boundaries.
6,22-28 

On their own, however, these structures feature 

interface areas that are too low for efficient electrodes in photovoltaic applications. On the 

other hand, sensitized mesoporous crystalline titania films show impressively high light 

absorption in thin layers
29-33

 but limited electron transport characteristics due to the small size 

of the crystals (and grain boundaries) composing the mesoporous scaffold.
34

  

Therefore, a hierarchical architecture combining advantages of both mesoscale and 

macroscale morphologies, that is, efficient light harvesting and charge separation in 

mesoporous phases and fast transport of photogenerated electrons through interpenetrating 
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macroscale scaffolds is expected to offer (i) new insights into the impact of morphology on 

charge carrier dynamics, and (ii) new opportunities for the design of efficient DSCs.  

Reports concerning the fabrication of crystalline hierarchical titania are scarce, and are mostly 

based on the control of growth conditions leading to the simultaneous formation of 

hierarchical titania frameworks.
2,22,35,36

 An alternative approach is a combination of individual 

strategies for the fabrication of large-scale and mesoscopic materials. This general method 

would offer the possibility to individually vary both the macro- and the mesostructures' 

morphologies and dimensions, as was demonstrated for hybrid hierarchical oxides obtained 

by infiltration of mesoporous amorphous silica in macroporous ceramic
37

 or titania 

backbones.
38

 This strategy has not yet been applied to the fabrication of fully crystalline 

hierarchical titania. In this context the following questions will be important: How to ascertain 

that the desired mesoporous structures can be formed in a confined space? How to ensure the 

crystallization of a mesophase, when the regular mesostructure without a confining backbone 

collapses upon heating to the critical temperature for crystallization? What is the connectivity 

of porous systems and the accessibility of pore volume deep within the layers? 

Here we report the fabrication of hierarchical structures based on the preparation of a highly 

crystalline, macroporous inverse opal backbone that is formed by colloidal crystal templating 

using polymethyl methacrylate (PMMA) spheres, and a titania precursor solution for 

impregnation. These macropores are afterwards filled with a mesoporous titania phase by 

impregnation with a titania precursor solution containing a polymer template (Figure 1). The 

development of the mesostructure from this surfactant-directed evaporation-induced self-

assembly method was monitored by in-situ GISAXS measurements, and correlated with 

electron microscopy data. An interesting confinement effect of the macroporous backbone on 

the mesostructure leads to enhanced temperature stability, less shrinkage and generally large 

mesopore sizes, as observed for the two investigated pore sizes of the macroporous scaffold. 
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Furthermore, we found that the highly crystalline backbone of the macroporous titania 

scaffold synergistically affected the crystallization behaviour of the sol-gel derived 

mesoporous filling. The resulting hierarchical structures were also investigated as anodes in 

dye-sensitized solar cells, demonstrating the large difference between the individual 

components and the combined hierarchical titania structure with respect to photon to electron 

conversion efficiency.  

 

5.2. Experimental Section 

 

Materials  

Methyl methacrylate (99%, MMA), sodium dodecyl sulfate (SDS), tetraethyl orthotitanate 

(technical grade), concentrated HCl (37% in water), Pluronic P123 and the organic solvents 

were obtained from Aldrich and used without further purification. Bidistilled water (Millipore 

Q) was used for synthesis. 

An overview on the different structured titania films is summarized in Table 5.1.  

 

Preparation of PMMA spheres and macroporous titania inverse opals (Macro) 

Polymethyl methacrylate (PMMA) spheres of 200 nm were synthesized by emulsion 

polymerization according to a procedure described elsewhere.
39

 Briefly, MMA (17.8 g) and 

SDS (5.0 mg) were added under stirring into water (98.0 mL), which had been deoxygenated 

by purging of nitrogen at 40 °C for 15 min under reflux conditions. The emulsion was heated 

at 90 °C for 1 h, afterwards the polymerization was initialized by injection of solution of 
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potassium peroxydisulfate (56.0 mg) in water (2 mL) and the reaction mixture was heated at 

90 °C for additional 2.5 h. The reaction was stopped by external ice cooling, and the reaction 

mixture was further stirred under atmospheric conditions for 30 min. The suspension of 

PMMA spheres was filtered and washed by repeated steps of centrifugation and ultrasonic 

redispersion in water. A stock solution (10 wt%) was stored at room temperature for further 

deposition. For the synthesis of ca. 100 nm large PMMA spheres MMA (6.9 g) and SDS 

(24.5 mg) were dissolved in 98 mL water and K2S2O8 (56.8 mg) in 2 mL water. MMA was 

polymerized and PMMA washed accordingly.  

 

Colloidal crystal films were obtained by deposition of the PMMA spheres from aqueous 

solutions (1-5 wt %) on various substrates by horizontal sedimentation under vibration-free 

conditions. The substrates were first cleaned by ultrasonication for 30 min in a mixture of 

acetone and ethanol (1:1 v/v) and then in water, and dried in a stream of nitrogen.  

Titania inverse opals were fabricated by dip coating (immersion time 30 seconds, withdrawal 

speed 1.3 mm s
-1

) of the colloidal crystal films into a titania precursor solution prepared by 

addition of 1.08 mL (37%, 13.2 mmol) HCl to 1.68 g (7.36 mmol) of tetraethyl orthotitanate 

under ice cooling and moderate stirring, followed by addition of 4.8 g (104.2 mmol) of 

ethanol. The impregnated films were dried at 60 °C for 1 h and then calcined in two 

sequential steps at 300 °C and 450 °C (the heating rate and dwell time for each step are 2 °C 

min
-1

 and 2 h, respectively). 

 

 

 

http://www.chemindustry.com/chemicals/995889.html
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Preparation of mesoporous titania films (Meso) 

The solution for deposition of mesoporous titania films was prepared by a procedure 

described elsewhere.
46

 Briefly, a solution of Pluronic P123 (0.5 g, 0.1 mmol) in ethanol (6 g) 

was added to a mixture of hydrochloric acid (37%, 1.05 mL, 12.8 mmol) and tetraethyl 

orthotitanate (1.5 mL, 7.06 mmol) at room temperature under continuous stirring for 1 h. The 

prepared solution was then cast on a silicon substrate (Meso-ca) or dip-coated (Meso-dc) 

under ambient conditions, dried at room temperature and individually calcined up to 450 °C 

in air.  

 

Preparation of hierarchical titania films (Hier) 

The templated titania precursor solution (Meso solution, see above) was cast on the inverse 

opal film and allowed to dry horizontally at ambient conditions at room temperature. The 

amount of solution used was estimated from the volume of the voids in the initial 

macroporous host film, taking into account the porosity and thickness of the macroporous 

film, and the porosity and density of the mesoporous titania phase formed after calcination. 

As an example, for a macroporous film of 1 cm
2
 area and 1 m thickness, the void volume 

can be estimated as 7.5 10
-5

 cm
3
. The mesoporous phase after calcination is assumed to have 

50 % porosity,
31

 therefore, taking into account the density of crystalline anatase of 4 g cm
-3

, 

the amount of titania formed in the macropores should be 0.15 mg (1.9 10
-3

 mmol), which 

corresponds to 1.34 10
-3

 mL of 1.42 mol/L precursor titania solution. The films were dried at 

60 °C for 1 h and the surfactant was removed by calcination at 450 °C for 30 min (ramp: 

0.7 °C min
-1

). 
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Table 5.1. Overview on the used sample codes and the corresponding preparation 

characteristics. 

Sample code Structure Template Film preparation 

Meso 

Macro-100 

mesoporous 

macroporous 

Pluronic P123 

PMMA spheres (ca. 100 nm) 

casting 

CCT 

Macro-200 macroporous PMMA spheres (ca. 200 nm) CCT 

Hier-100-ca hierarchical 

1. PMMA spheres (ca. 100 nm) 

2. Pluronic P123 

1. CCT 

2. casting 

Hier-200-ca hierarchical 

1. PMMA spheres (ca. 200 nm) 

2. Pluronic P123 

1. CCT 

2. casting 

Hier-200-dc hierarchical 

1. PMMA spheres (ca. 200 nm) 

2.Pluronic P123 

1. CCT 

2. dip-coating 

CCT: colloidal crystal templating 

 

For photovoltaic measurements,
47

 the titania films were fabricated on FTO-coated glass 

substrates coated with a dense titania blocking layer. The blocking layer was prepared by spin 

coating (4000 rpm) of the solution obtained from hydrochloric acid (37%, 0.75 mL, 9.13 

mmol), tetraethyl orthotitanate (1.05 mL, 5.06 mmol) and tetrahydrofuran (14 mL), and 

calcination to 450 °C (ramp: 0.7 °C min
-1

). After preparation and final calcination of the 

different porous titania structures, the films were cooled to ca. 80 C, immersed into a dye 

solution at room temperature, and kept there for 12 h. The dye solution contains 0.5 mM of 
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ruthenium 535 bis-TBA dye (N 719) in acetonitrile and tert-butyl alcohol (volume ratio: 1:1). 

The dye-coated mesoporous TiO2 films were assembled and sealed with a thin transparent 

hot-melt Surlyn 1702 ring with an open area of 0.196 cm² (DuPont) to the counter electrodes 

(Pt on FTO glass, chemical deposition from 0.5 mM hexachloroplatinic acid in ethanol, 

heated at 400 C for 15 min). The electrolyte was injected into the inner electrode space from 

the counter electrode side through a pre-drilled hole, and then the hole was sealed with a 

Surlyn sheet and a thin glass cover slide by heating. The volatile electrolyte contains 

butylmethylimidazolium iodide (BMII, 0.536 mL, 3.0 mmol) iodine (38.1 mg, 0.3 mmol), 

guanidinium thiocyanate (59.1 mg, 0.5 mmol), and 4-tertbutylpyridine (837.8 mg, 6.2 mmol) 

dissolved in valeronitrile (0.75 mL, 7.2 mmol) and acetonitrile (4.25, 80.7 mmol). 

 

Further hierarchical titania materials  

Analogue to the previous imbibition of a sol-gel precursor (Meso), we additionally used 

different titania building-block templated solutions
30,31 

to create hierarchical titania films. The 

synthesis of the particles is identical to the procedures for NP-6 and NP-4, previously 

described in chapter 4 and were not further explained in this section. 

 

Solution containing 6 nm large anatase particles and a sol-gel precursor.
30

 

A non-aqueous solvothermal processing was used for particle synthesis. To obtain a 

homogeneous solution, NP-6 titania particles (0.1 g, 0.55 mmol) were stirred at room 

temperature for 12 h in a solution a of Pluronic P123 (0.1 g, 0.02 mmol) in THF (2 mL). 

Finally a second sol-gel solution was added. Thereby tetraethyl orthotitanate (3.6 mL, 17.1 

mmol) was strirred at room temperature and hydrolyzed by adding hydrochloric acid (37%, 

2.55 mL, 31.0 mmol).
30
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Solution containing 4 nm large anatase particles.
31

 

A microwave heating protocol was used to obtain smaller titania nanocrystals and a clear 

particle solution was obtained by dispersing NP-4 (0.1 g, 0.55 mmol) in ethanol (1 mL), 

which was combined under stirring at with an additional solution of Pluronic P123 (0.05 g, 

0.01 mmol) in THF (1 mL).
31

 

Hirarchical films were prepared according to the procedure used for Hier-200-ca. Both 

templated precursor solutions were cast on macroporous crystalline titania films (Macro-200). 

After drying at 60 °C the films were calicined at 450 °C for 30 min (ramp: 0.7 °C min
-1

). 

 

Characterization 

Scanning electron microscopy (SEM) was performed on a JEOL JSM-6500F scanning 

electron microscope equipped with a field emission gun, at 4-10 kV and an Oxford analysis 

system. High-resolution transmission electron microscopy (HRTEM) and scanning 

transmission electron microscopy in high-angle annular dark-field mode (STEM-HAADF) 

were performed using a FEI Titan 80-300 equipped with a field-emission gun operated at 

300 kV. Cross sections of the films were prepared by epoxy glue embedding, dimple grinding 

and polishing with Argon ions. 

The film thickness was measured by profilometry (Veeco Dektak 156) and SEM cross-section 

analysis.  

X-ray diffraction analysis was carried out in reflection mode using a Bruker D8 

diffractometer, using Ni-filtered CuKα-radiation (wavelength: 1.5406 Å) with theta/theta 

geometry, operating at 40 kV and 40 mA, and a scintillation detector.  
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Grazing-incidence small-angle X-ray scattering (GISAXS) experiments were performed at the 

Austrian SAXS beamline BL 5.2 L facility at Synchrotrone Elettra (Trieste, Italy). The 

wavelength of the incident beam was 0.15498 nm (8 keV), and the sample-detector distance 

was set to 1430 mm. The detector was a two-dimensional image intensified CCD detector 

(Model CV 12, Photonic Science Ltd., Millham, UK). The samples were heated on a modified 

hot stage (Model DHS 900, Anton Paar). 

Nitrogen sorption measurements were performed on all samples with a Quantachrome 

Instruments NOVA 4000e at 77 K. Pore size distribution and volume were calculated with a 

NLDFT equilibrium model of N2 on silica. The specific surface area was estimated using a 

BET model. 

Photovoltaic measurements were done with an AM 1.5 sun simulator. A Solar Light Co. 

Xenon lamp (model: 16S-300-V3, 100 mW/cm
2
) was used as light source. I-V-curves were 

measured with a ZAHNER Electric IM6ex potentiostat and the ZAHNER Electric software 

Thales 4.05 USB. 

External quantum efficiency measurements were performed using a 150 W Xenon lamp (Lot 

Oriel Xenon lamp) and a monochromator (Horiba Jobin Yvon microHR; slit opening fixed at 

1.5 mm) with appropriate long-pass filters as the primary illumination source and a bias 

illumination provided by a solar simulator, which was reduced to about 10 mW/cm² using a 

neutral density filter. The primary beam was chopped at 2 Hz. The signal was detected using a 

Signal Recovery dual-phase lock-in amplifier (model: 7265). EQE measurements were 

referenced to a silicon photodiode with known spectral response. 
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5.3. Results and Discussion 

 

The individual synthetic steps are for the development of a hierarchical titania scaffold is 

illustrated in Figure 5.1, beginning form an ordered colloidal crystal template (left), the 

generation of a macroporous inverse opal titania replica (middle), which is again 

interpenetrated with a additional mesoporous titania phase (right).  

For the preparation of the macroporous host scaffold, first opal films of PMMA spheres were 

assembled on different substrates by a horizontal deposition from aqueous colloidal 

dispersions. The size of the PMMA spheres can be controllably varied from around 100 to 

400 nm by selection of surfactant concentration and reaction time in emulsion polymerization 

synthesis,
39

 and the thickness of the opal layers by the concentration of the PMMA spheres 

and the amount of the applied dispersion.  

 

Figure 5.1: A strategy for the preparation of hierarchical titania frameworks: a colloidal 

crystal template is impregnated with a titania precursor solution and forms a three-

dimensional ordered macroporous material (3 DOM) after template removal. The inverse opal 

host is filled with the surfactant-containing solution of hydrolyzed titania leading to the 

formation of a hierarchical titania framework after calcination. 
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The dried films obtained in this way show an ordered close packing of the larger PMMA 

spheres and a more loose packing for the smaller ones, as can be seen from the SEM images 

(Figure 5.2 a,b). In a second step, the negative replica of the opal material was fabricated by 

infiltration of the films with a solution of titania sol using a dipcoating technique according 

to a known procedure.
40

 As can be seen from the EDX-mapping of the films’ cross-sections 

(Figure 5.2 c,d), a single impregnation step already leads to a complete filling of the 

interstitial voids between the PMMA spheres. The good filling quality can be attributed to a 

good wetting behavior of the sulfonated PMMA spheres, causing the transport of the titania 

precursor into the voids by capillary forces. For the latter, the intensity of Titanium Kα1 rays 

correlates with the brightness of blue and is homogeneously distributed over the entire sample 

area (white rectangle). The blue area is therefore slightly interrupted, which can be attributed 

to present vacuum and a dense thin TiO2 layer, acting as intermediate layer between silicon 

and the PMMA/ titania sol-gel composite layer on top. 
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Figure 5.2: Scanning electron microscopy (SEM) images along the [111] direction of the 

films assembled from PMMA beads of around 100 nm and 200 nm as prepared (a, b). The 

cross-section image (c) shows the area (white rectangle) used for EDX spectroscopy 

(elemental mapping) of a densely packed film, consisting of the larger spheres acting as 

template, after impregnation with a titania sol—gel solution before calcination. A 

homogeneous intensity distribution of titanium (blue) was found within in the film prepared 

on a silicon wafer (red) (d).  

 

After drying the infiltrated films, the PMMA spheres were removed by calcination in air at 

400 
o
C, which also leads to the crystallization of the titania scaffold. The inverse opals 

obtained in this way are assigned further as Macro-X, with X standing for the diameter of the 
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parent PMMA spheres in nm (see Table 5.1.). A close investigation of sol-gel derived 

macroporous titania is shown in the TEM images, which confirms the polycrystalline wall 

composition (Figure 5.3 a, b).  

 

 

Figure 5.3: TEM images of the different macroporous titania scaffolds after calcination at 

400 °C in air. Polycrystalline cages have formed around the removed PMMA templates with 

diameters of around 100 nm (a, Macro-100) and 200 nm (b, Macro-200). 

 

SEM and TEM images of the films obtained in this way using the 200+25 nm PMMA spheres 

reveal the presence of 3 DOM macroporous structure of a highly ordered crystalline titania 

scaffold containing interconnected spherical voids with a diameter of around 200 nm and 

intervoid connections of around 50-70 nm (Macro-200, Figure 5.4 a, b).  
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Figure 5.4: FESEM micrographs (top view) show the morphology of the macroporous titania 

inverse opal prepared by the 200 nm large PMMA spheres before (a, b, sample Macro-200) 

and after a single dip coating step with a Pluronic P123-containing titania sol-gel solution, 

leading to the formation of a thin mesoporous titania layer on the crystalline inverse opal 

backbone (c, d, sample Hier-200-dc). All films were prepared on silicon substrates and 

calcined at 400 °C. 

 

For the fabrication of the hierarchical structure, the macroporous titania films were filled with 

a surfactant-containing solution (Pluronic P123) of hydrolyzed titania using different 

techniques. Casting of this solution by dip coating and an additional calcination results in an 
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open hierarchical structure containing the macroporous scaffold homogeneously covered by 

an additional layer of mesoporous titania (assigned as Hier-200-dc, Figure 5.4 c-d). 

 

In order to achieve complete filling of the macropores, the solution for the mesoporous phase 

was drop-cast into the inverse opal host layer. The amount of the solution was calculated from 

the available macropore volume in the inverse opal scaffold as estimated from the pore 

diameter and the films’ thickness (see detailed description in the Experimental  art). The 

filled films were dried in air and calcined at temperatures of 200 – 450 °C applying a fast 

calcination ramp (10 °C min
-1

). SEM top view and TEM cross-section images show that this 

procedure leads to filling of each macropore throughout the whole film thickness, resulting in 

the formation of mesoporous films periodically interpenetrated with the macroporous 

scaffold, such that both mesoscale and macroscale repeating units are observed in the electron 

microscopy images (assigned as Hier-200-ca, Figure 5.5 a, b). The thickness of the films is 

determined by the thickness of the parent macroporous scaffold (about 5.5 m). We note that 

coating of the solutions for the mesoporous film preparation alone enables fabrication of no 

more than 1 m thick films on a flat substrate - attempts to increase the film thickness further 

result in the films’ cracking and peeling off the substrates.
33,41

 The fact that the thickness of 

mesoporous films can reach several micrometers in a hierarchical structure is attributed to 

good adhesion between the crystalline titania meso-phase and the dense polycrystalline three-

dimensional macroporous titania. The hierarchical titania films are completely crystalline 

after calcination in air at 450 °C and consist of anatase, as follows from their wide-angle X-

ray scattering (WAXS) patterns, high resolution TEM (HR-TEM) images and selected area 

electron diffraction (SAED) patterns of the films’ cross-sections (Figure 5.6). The HR-TEM 

images reveal that the obtained hierarchical structure is composed of two types of crystalline 

anatase, with crystal sizes of over 20 nm in the macroporous titania walls (Figure 5.6 a) and 
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4-6 nm in the walls of mesoporous material. The corresponding SAED pattern (Figure 5.4 d) 

proves the existence of these two size populations of the anatase crystals in the hierarchical 

sample. In addition to the broad diffraction rings originating from many randomly oriented 

small crystals within the mesostructure (intensity profile over (101) anatase diffraction, 

number 1 in Figure 5.6 e), the large crystals in the walls of the macroporous host scaffold lead 

to bright spots of the same phase but with a much smaller width superimposed on the broad 

ring (intensity profile number 2). In WAXS, the unfilled macroporous host layer exhibits a 

peak broadening of the (101) anatase diffraction corresponding to a mean crystal size of about 

30 nm. After filling with the mesoporous titania phase, the line broadening of the hierarchical 

structure becomes much larger, and the mean crystal size from the full width at half maximum 

can now be calculated as 18 nm. 
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Figure 5.5: Electron micrographs of hierarchical titania frameworks fabricated using 200 nm 

PMMA spheres (Hier-200-ca): FESEM top-view image (a), and micrographs of the films' 

cross-sections in TEM (b) and HAADF-STEM (c,d). The brighter areas in (a, c, d), and the 

darker spots in (b) correspond to larger titania crystals in the dense walls of the inverse opal. 

All films were prepared on silicon substrates and calcined at 450 °C. 
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This supposed reduction of crystal size can be explained by the coexistence of two 

populations of crystal sizes in the hierarchical structure: large ones (over 30 nm) in the walls 

of the macroporous backbone and small ones (smaller than 10 nm) in the mesoporous filling.  

 

Strikingly, the pure mesoporous titania (assigned further as Meso) phase prepared as a 

reference on a flat substrate remains amorphous as a result of the applied heating conditions 

(Figure 5.6 f, A) For TEM investigation at different magnification, the mesoporous reference 

thin film was scratched from the silicon substrate (Figure 5.7 a, d-f). It was also prepared by 

dip-coating the substrate into the identical templated titania sol-gel precursor solution and 

applying a similar calcinations procedure. The reference features well shaped and highly 

ordered mesostructure, confirmed by the fast Fourier transform (b). The mesopores are 

interconnected and d-spacings of around 10 nm were estimated. Only a few small crystallites 

in the network are visible in the TEM micrographs and a diffuse diffraction ring in the SAED 

pattern (c) indicates the generally amorphous nature of the titania mesostructure. 

 

We conclude that the highly crystalline backbone has a strong synergistic effect on the 

crystallization of the mesoporous filling, acting as a nucleation site for further crystallization 

of the initially amorphous titania phase. We have previously observed similar effects for 

titania nanoparticles dispersed in a sol-gel matrix, thus it appears that this behavior can be 

generalized.
30
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Figure 5.6: Structural characterization of titania films. TEM micrographs of the crystalline 

macroporous (a, Macro-200) and hierarchical titania films (b, c, Hier-200-ca) after calcination 

at 400 °C (a) and 450 °C (b, c). The diffraction rings in the SAED pattern (d, Hier-200-ca) 

could be indexed with the anatase phase. The corresponding intensity profiles of the anatase 

(101) reflection at two different positions (d1, d2) show the presence of two sizes of 

crystalline domains (e). WAXS patterns (f) of the hierarchical film (B) and individual 

mesoporous (A, Meso) and macroporous (C, Macro) materials prepared in the same 

conditions.  
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Figure 5.7: TEM images (a, d-f) and FFT (b) represent the structure of the mesoporous titania 

film removed from the substrate (prepared by dip-coating on a silicon substrate). After a rapid 

heating up to 450 °C, the SAED pattern structure shows an almost amorphous phase (c). 

 

To further investigate the effect of this hierarchy, and especially the influence of the confined 

space in the macroporous material on the evaporation-induced self-assembly (EISA) based 

formation of a templated titania sol-gel mesostructure, we performed 2D-GISAXS monitoring 

of mesostructure evolution using in-situ heating experiments (Figure 5.8). A small amount of 

the solution for the mesoporous phase was drop-cast on a substrate, dried, and subsequently 

heated to 450 °C. A flat Si wafer was used as a reference (Meso, a-c). As substrates, we also 

examined two different macroporous titania films with pore sizes of about 200 nm (Macro-

200, d-f), and 100 nm (Macro-100, g-i), respectively. The obtained pattern represent the 

structures after drying at room temperature (first column), and at calcination temperatures of 
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300 °C (middle) and 450°C. Note that the reflections of the periodic structures of the 

macroporous inverse opal are not visible because of their close proximity to the primary 

beam. 

 

Figure 5.8: Evolution of titania structures. 2D-GISAXS patterns of samples Meso (first row, 

a-c), Macro-200 (second row, d-f), and Macro-100 (third row, g-i). First column: after drying 

at room temperature; second column: after heating to 300 °C; and third column: after heating 

at 450 °C.  

To investigate the temperature dependent structure change in detail, the development of the 

scattering intensity was further investigated. Therefore the intensity was obtained from a fixed 
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area, highlighted in red. The 2D-GISAXS patterns of the mesoporous structure on flat silicon 

(Figure 5.9 a, d) show a well-ordered cubic structure with reflections in the qz- and qy-plane. 

The corresponding d-spacings at room temperature are 9.5 nm (in-plane, qz) and 10.4 nm 

(out-of-plane, qy). In the confined space of a macroporous inverse opal of 200 nm pore size 

(Hier-200-ca, Figure 5.9 b, e), the pattern of the mesostructure exhibits a slightly broadened 

peak of a preferred in-plane (qz) orientation only, with a significantly larger d-spacing of 12.7 

nm. The mesostructure in a smaller pore inverse opal Hier-100-ca (Figure 5.9 c, f) is much 

less ordered, and only an indication of a reflection in qz plane can be seen. The shape of the 

pattern and the mesostructure’s dimension are similar to that of the 200 nm-inverse opal 

sample.  

 

 

Figure 5.9: In-situ investigation of the evolution of hierarchical titania (Hier-200-ca, Hier-

100-ca). 2D-GISAXS patterns of samples made by casting a solution of Pluronic 
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P123-containing titania sol on flat silicon (a), into macroporous titania with 200 nm (b, 

Macro-200) and 100 nm (c, Macro-100) pore size after drying at room temperature. Second 

row: Development of the diffraction peaks in the 2D-GISAXS patterns made visible by 

comparing 1D-intensity profiles at a constant qy-value of 0.12 - 0.15 nm
-1

 (highlighted in red 

in 2D-images) during in-situ heating to 450 
o
C: film from solution with Pluronic 

P123-containing titania sol cast on flat silicon (d, Meso). Same solution cast into an inverse 

opal with 200 nm (Macro-200, e) and 100 nm (Macro-100, f) pore size. Electron microscopy 

shows that the mesoporous titania completely penetrates into the macroporous scaffold and 

that it does not form a superficial layer (see also Figure 5.5). 

 

Upon heating the films, they show drastically different shrinkage behaviour. This can be seen 

from the shifts of the diffraction peaks (3D graphs illustrating the thermal development of 

intensity profiles at a fixed value of qy, Figure 5.9 d-f). Heating the mesoporous film on flat 

silicon results in a drastic shrinkage of the porous structure by 39 % of the in-plane, and 29 % 

of the out-of plane reflection, respectively (see Figure 5.5, and Table 5.2.). The 

mesostructures filled into the inverse opals show much less shrinkage upon heating, resulting 

in a structural contraction of only 21 % (Hier-200-ca) and 13 % (Hier-100-ca), respectively.  

 

Judging from these data, the macroporous framework obviously influences the assembly of 

the mesostructure, and leads to much larger structures (22 % increase at room temperature) 

with a different orientation. A similar phenomenon has been described for the mesostructure 

formation in large pore anodized alumina materials, but the universality of this effect has not 

yet been shown concerning other macrostructures such as inverse opals.
42-45

 Furthermore, the 

inverse opal backbone acts as a stabilizing matrix, limiting the shrinkage of the mesopores 



 

148 

 

upon heating. In this way, the final size of the mesopores in the smallest macroporous matrix 

is even 50 % larger than that of a structure made from the same solution on a flat substrate.  

 

Table 5.2. Comparison of the d-spacing of the mesoporous structures on a flat Si substrate 

and in macroporous inverse opals with 200 nm and 100 nm pore size before and after heating 

to 450 °C. 

  

Flat 

substrate 

(Meso)  

200 nm 

macropores 

(Macro-200) 

100 nm 

macropores 

(Macro-100) 

 Temperature In-plane Out-of-plane In-plane In-plane 

d-spacing [nm] 20 °C 9.5 10.4 12.7 12.7 

 450 °C 5.8 7.4 10.1 11.1 

Shrinkage   39% 29% 21% 12.6% 

 

The films monitored by GISAXS were further investigated by electron microscopy. The TEM 

images of the cross-sections of the hierarchical titania films reveal that a mesoporous phase is 

formed in each pore of the macroporous host (Figure 5.10 e). The mesoporous material shows 

a high order of periodicity within individual macropores, such that the mesoporous phase 

formed within most of the macropores can be considered as a single mesostructural domain 

(see orientational peaks in the Fourier transforms of highlighted sections in Figure 5.10 a-d). 

Between neighbouring macropores, there seems to be little orientational relationship of the 

mesostructure, but the observed orientations reflect some dependence with respect to the 
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substrate. The periodic structures, their fast Fourier transforms and the corresponding d-

spacings are in good agreement with the results of the GISAXS measurements.  

The TEM images of the reference mesoporous titania film obtained under the same conditions 

on a flat Si substrate in absence of macroporous host (Figure 5.7) show the formation of the 

periodic cubic mesostructure with significantly smaller d-spacing, confirming the GISAXS 

observations. 

 

 

Figure 5.10: TEM image (e) of the hierarchical titania film (Hier-200-ca) prepared in 

macroporous titania with 200 nm pore size (Macro-200), and FFT images (a-d) of selected 

areas showing the periodic organization of mesopores in single macropores. The white lines 

show the position of substrate with respect to the film. 

 

The porosity of the different titania materials was additionally characterized by nitrogen 

sorption measurements. The parent macroporous titania (Macro-200) films exhibit, as 

expected, type II isotherms typical for the macroporous material and a low surface area of 64 
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m
2
/g (Figure 5.11 a). The character of porosity, however, changes completely after the filling 

of the macroscopic pores with the mesoporous titania. The isotherms of the resulting 

hierarchical films (Hier-200-ca) feature a step at relative pressures around 0.6 - 0.7 p/p0 

corresponding to the filling of the pores in the mesoporous range, a largely increased surface 

area of 154 m
2
/g, and a narrow hysteresis between adsorption and desorption branches 

indicating the uniform pore size distribution (Figure 5.11 a, B).  

 

On the first glance, the adsorption behavior of the hierarchical material is very similar to that 

of the mesoporous titania film obtained on a flat substrate without the macroporous scaffold 

(Figure 5.11 a, C). However, close inspection of the two latter materials reveals differences in 

their adsorption characteristics. The pore size calculated by a DFT method corresponds to 

5.1 nm for a mesoporous film grown on a flat substrate. The pore size increases to about 

6.1 nm when the same solution is cast into the macroporous support. The increase in the pore 

size in the hierarchical material is accompanied by an increase in the pore volume (from 0.24 

to 0.28 cm
3
/g) and a decrease in the surface area (from 210 to 154 m

2
/g) compared to the 

reference mesoporous film. The increase in the pore size by 16 – 20 % for a mesoporous 

phase formed inside the macroporous host is in good agreement with the observations of the 

GISAXS and TEM methods described above. The obtained isotherms reveal the open and 

accessible character of porosity obtained after filling of the macropores with the solution for 

the mesoporous phase, and also confirm that the confined space of the macroporous host has a 

pronounced effect on the formation of the mesoporous phase. 
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Figure 5.11: Nitrogen sorption isotherms (a) and DFT pore size distribution (b) of the 

macroporous film templated with the 200 nm latex spheres (A, Macro-200), corresponding 

hierarchical film after filling of the macropores with the mesoporous titania (B, Hier-200-ca), 

and the reference mesoporous film coated on the flat substrate (C, Meso). All the films were 

calcined at 450 
o
C. The measurements were performed on layers removed from the substrate. 

 

The above hierarchical titania layers (Hier-200-ca) were also employed as active electrodes in 

dye-sensitized solar cells (Figure 5.12) and compared to the unfilled macroporous scaffold. 

The macroporous scaffold exhibits a very high open circuit potential of 915 mV indicating 

efficient charge collection. In the hierarchical structure, this potential is reduced to 750 mV, 

which can be explained by the higher amount of recombination sites due to the high surface 

area of the mesoporous titania filling. However, this large surface area causes at the same time 

a drastic increase of photocurrent density from 0.97 to 7.17 mA cm
-2

 and a change in fill 

factor from 0.52 to 0.71. As a result, the hierarchical structure exhibits a nearly ten times 

higher conversion efficiency of 4.0 % compared to the unfilled macroporous DSC with an 

efficiency around 0.4 %. 
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Table 5.3. Detailed photovoltaic parameters and EQE values of the DSC device based on the 

inverse opal and hierarchical titania layers 5.5 μm in thickness, in combination with a N179 

sensitizer and a volatile redox electrolyte under AM 1.5 sunlight at 100 mW/cm
2
 full sun 

irradiation. 

Titania layer Jsc, 

mA/cm
2
 

Voc, mV FF, % , % EQE530nm, 

%  

Hier-200-ca 7.17 780 71.4 4.0 23.6 

Macro-200 0.97 910 52.6 0.46 5.2 

 

In addition to the I-V characterization, the external quantum efficiency (EQE) of the different 

photoanode morphologies was determined to elucidate the influence of the macroporous 

backbone (Figure 5.13). The DSC hierarchical device (Hier-200-ca) has a higher density and 

surface area compared to the unfilled macroporous device, and shows an increased EQE in the 

characterized spectral range. At an illumination wavelength of 530 nm, Hier-200-ca has an 

EQE of about 24 %, more than four times higher than the Macro-200 sample (Table 5.3). 



 

153 

 

 

Figure 5.12: Photocurrent-voltage curve of DSC devices based on the inverse opal titania 

layers (blue, Macro-200) and hierarchical titania layers (red, Hier-200-ca), N179 sensitizer 

and a volatile redox electrolyte. The titania layer thickness was about 5.5 μm. The 

photovoltaic performance was measured at air mass 1.5 (100 mW/cm
2
) full sunlight 

illumination. The active cell area was 0.196 cm
2
. 

 

The normalized spectral EQE data exhibit slightly broader and shifted features and increased 

relative EQE values in the blue and in the red (Figure 5.13), which could possibly be 

attributed to scattering effects. We note that a significant contribution of the photonic crystal 

structure to the EQE data is rather unlikely with the systems under study. While the 

hierarchical systems show good long-range order of the macropore-structure, filling the 

titania-based macropores with porous titania is expected to reduce the refractive index 

contrast such that photonic effects will be small. On this account, the most important impact 

of the hierarchical structure is expected to be the high surface area combined with favorable 

transport properties.  
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Figure 5.13: Determination of the external quantum efficiency (EQE, left) and the 

normalized EQE (right) of the different titania morphologies used as DSC photoanodes (N-

719 sensitizer, volatile I
-
/I3

-
 electrolyte). The hierarchical DSC (Hier-200-ca, red line) 

generates a higher photocurrent, and results in an improved photon-to-electron conversion 

efficiency compared to the pure macroporous titania reference cell (Macro-200, blue line). 

Normalized EQE (right): Both measurements are normalized with respect to their maxima, 

which are slightly shifted (ca. 10 nm, in the green range). 
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Adaption to further hierarchical titania materials  

As a proof of principle we further investigated additional templated titania precursors to 

infiltrate the sol-gel derived macroporous TiO2 (Figure 5.4 a, b), in a method similar to the 

one described above. Both samples exhibit a high degree of filling of the individual 

macropores after calcination, which is in good agreement with Figure 5.5 a. This clearly 

demonstrates that templated titania nanoparticle solutions are also suitable mixtures for the 

creation of hierarchical titania with a distinct mesophase.  

The building blocks used for the mesoporous phase in Figure 5.14 a are (i) small anatase 

nanoparticles prepared in a microwave-assisted solvothermal reaction (NP-4, see chapter 4), 

which were casted from an ethanolic solution containing additional Pluronic F127 as soft-

template.
31

 In contrast, the mesoporous phase in Figure 5.14 b was formed with 

solvothermally grown anatase particles (NP-6, see chapter 4), which were combined in a 

“brick and mortar” approach with some hydrolyzed molecular titania sol-gel precursor 

(TEOT) and were casted in combination with Pluronic P123, dissolved in THF. The final 

content of NPs within the total amount of TiO2 was adjusted to 70 wt%. This solution was 

used as received from Johann M. Szeifert (dissertation, LMU, 2011), and was well described 

in the literature.
30

  

It is obvious that the smaller well-dispersed NP-4 particles exhibit a homogeneous wetting of 

the macroporous scaffold, and nearly no shrinkage within the confined space was observed 

(b). The solution based on NP-6 seemed to have a higher roughness, which might be 

attributed to partial nanoparticle agglomeration, which was reported for this system.
30
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Figure 5.14: SEM top-view images of hierarchical titania films. For mesostructure formation 

different mixtures of crystalline building blocks, templates and solvents were used. (a) anatase 

nanoparticles (4 nm) and Pluronic F127 in ethanol. (b) anatase nanoparticles (6 nm), 

hydrolyzed sol-gel (TEOT) in THF.  

 

5.4. Conclusions 

 

We have developed a strategy for the preparation of a novel type of hierarchical periodic 

titania nanostructures, composed of a macroporous crystalline scaffold accommodating a 

mesoporous titania phase. The synthetic approach for these hierarchical structures involves 

the preparation of inverse opal titania layers followed by the impregnation of interstitial 

macroporous voids with surfactant-containing titania precursors. This procedure leads to 

filling of all macropores through the whole film thickness, and formation of a mesoporous 

phase in each pore of the macroporous host. As follows from in-situ GISAXS, TEM and 

nitrogen adsorption measurements, the macroporous framework significantly influences the 

mesostructure assembly and leads to much larger structural parameters of the mesostructure. 

The confinement effect of the macropores on the mesostructure formation becomes more 
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evident with decreasing pore size of the macroporous host. The inverse opal backbone acts as 

a stabilizing matrix limiting the shrinkage of the mesopores upon heating, so that the final size 

of the mesopores in the macroporous matrix is up to 50 % larger than that of a structure made 

from the same solution on a flat substrate. Furthermore, the highly crystalline macroporous 

backbone has a synergistic effect on the crystallization of the mesoporous filling, acting as a 

nucleation site for further crystallization of the initially amorphous titania phase. The 

hierarchical titania films are completely crystalline after calcination in air at 450 °C and 

consist of two types of crystalline anatase domains, with crystal sizes of over 20 nm in the 

macroporous titania walls and about 4-6 nm in the walls of mesoporous material. Sorption 

measurements of the final hierarchical layers of 5.5 μm thickness show that the resulting 

porous system is fully accessible, has a high total surface area of 154 m
2
/g and an average 

mesopore size of 6.1 nm, which is about 20 % larger than the pore size of 5.1 nm for the 

reference mesoporous film obtained on a flat substrate.  

We suggest that this hierarchical architecture combining the advantages of both mesoscale 

and macroscale morphologies, namely, an efficient light harvesting and charge separation in 

mesoporous titania, and efficient transport of photogenerated electrons through 

interpenetrating macroscale titania scaffold, could contribute to increasing the light 

conversion efficiency of dye-sensitized solar cells (DSC). Moreover, future hierarchical 

systems based on different materials featuring significant refractive index contrast could add 

additional features such as photonic crystal and backscattering effects that would additionally 

contribute to the enhancement of overall light conversion efficiency.  
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6. Spherical mesoporous titania 

 

6.1. Introduction 

 

In this chapter we describe the synthetic strategy to create mesoporous titania spheres by the 

use of a macroporous silica hard template. This is a two-step approach, which implies a 

previous replication of polymer bead arrays
1
, in our case PMMA spheres, with a molecular 

silica precursor. This route was also successfully applied for the synthesis of mesoporous 

carbon spheres having different sizes (see chapter 7 and 8). Alternatively, various routes and 

applications were recently reported and summarized for spherical titania.
2
 Hollow spheres are 

usually based on the direct precursor assembly on the surface of spherical hard templates, 

which are later removed.
3-10

 Hydrothermal
11-14

 and solvothermal
15-17

 processing are common 

methods to create spherical titania. A related microwave-assisted route was also reported.
18

 A 

further interesting technique to achieve high amounts of material is based on spraying a titania 

precursor solution that is transported by a carrier gas through heating zones where the formed 

droplets densify (aerosol-assisted self-assembly). Usually the materials are based on anatase, 

which was used for DSCs
19-21

 and related devices
22

 or photocatalysis.
23,24

 Spherical titania 

composed of rutile was also used in a DSC.
25

 For example, arrays of spherical titania beads (< 

1 μm) were applied as additional scattering layer or directly as active photoanode. For the 

latter an increase of the surface area was intended, which was achieved by roughening of the 

beads´ surface
8,26-28

, or by introducing a defined mesoporosity
7,29-32

, which could also result 

from agglomerates of nanoparticles generated by phase separation in emulsions.
27,33
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We used a modified strategy of Chen et al.,
34

 which we also adapted to the synthesis of 

mesoporous spherical carbon (chapter 7).
35 

In this chapter we show a replication route for 

mesoporous titania. They replicated an array of monodisperse silica spheres and created a 

three dimensional ordered macroporous (3DOM) PMMA scaffold, after removing the silica 

hard template (290 nm silica spheres) with HF. The macropores were then filled by imbibition 

with a hydrolyzed titanium tetraisopropoxide precursor solution and Pluronic P123 as 

template. After calcination (400 °C for 4 h) mesoporous spherical anatase was formed, 

exhibiting mesopore diameters in the range of 3-5 nm and crystallite sizes of 7-10 nm. The 

BET surface area was determined to be 145 m
2
/g, accompanied by a pore volume of 0.246 

cm
3
/g. However, the final sphere size was 165 nm, corresponding to strong shrinkage of 

around 40 %.  

Here we describe the preparation of macroporous silica
36

, interpenetrated with a mesoporous 

titania phase
37

 and an investigation of the resulting crystalline mesoporous titania spheres (~ 

220 nm), obtained after calcination at 300 °C and 400 °C, respectively, and subsequent 

removal of silica (NaOH). The samples were characterized by SEM, TEM, XRD and nitrogen 

sorption measurements. 
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6.2. Experimental Section 

 

The used chemicals and a detailed synthesis description for emulsion polymerization of 

PMMA spheres and the following preparation of the macroporous silica hard template are 

presented in detail in chapter 7. 

 

Synthesis of spherical TiO2 

Millimeter sized pieces of macroporous SiO2 were collected in a petri dish, before a titania 

precursor solution was applied. This precursor mixture and the further calcination procedure 

are based on the preparation of mesoporous thin films.
37

 

To tetraethyl orthotitanate (1 g, 4.38 mmol, TEOT, Ti(OCH2CH3)4) hydrochloric acid (37%, 

762 mg, 7.4 mmol) was added dropwise, and the mixture was stirred for 15 minutes at room 

temperature to get a clear solution. Than an ethanolic solution of Pluronic P123 (238 mg, 0.05 

mmol) was dissolved in ethanol (3.6 mL) added and stirring was continued for additional 15 

minutes at room temperature. The solution was cast on the mm-sized pieces of macroporous 

silica and dried at 60 °C. Some titania bulk material was formed at the bottom of the petri dish 

between interstitials between the silica pieces. This titania excess was carefully removed 

mechanically and only single pieces of macroporous silica containing amorphous titania/ 

P123 were further used. The composite was heated with 1 °C/ min and calcined in air at 300 

°C or 400 °C for at least 4 h, respectively. For silica etching, the solid material was treated 

with an excess of NaOH (1M) at 60 °C for 1 day and was washed by centrifugation followed 

by two times redispersion in pure water (MilliporeQ) and one time in absolute ethanol.  
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Characterization  

 

TEM images and SAED patterns were acquired with a JEOL JEM-2011 electron microscope 

operating at 200 keV. 

XRD, STEM-HAADF, and nitrogen sorption measurements were performed in a way similar 

to the description for previous samples in chapter 6 and are not further described in this 

section.  

 

6.3. Results and Discussion 

 

Mesoporous titania spheres were made by a two step templating approach. Our first template 

was bulk material consisting of dried and loosely packed PMMA spheres (~320 nm). The 

synthesis via emulsion polymerization is described in chapter 3. The bulk was slightly 

crushed, leading to rough surfaces, and collected on a filter paper (Figure 6.1. a). The PMMA 

spheres were only dried at room temperature and not further connected by applying thermal 

annealing.
38,39

 A hydrolyzed solution of tetraethyl orthosilicate (TEOS; Si(OCH2CH3)4) was 

cast on the PMMA bulk to fill the interstitial voids and excess precursor was removed by 

applying vacuum. Then a subsequent calcination at 550 °C combusted the polymer template 

completely, which was accompanied by consolidation of the precursor species, and a three 

dimensional interconnected macroporous silica bulk material was formed.
36

 FE-SEM and 

TEM images in Figure 6.1 b, c represent the corresponding morphology, featuring a high 

accessibility for further material diffusion provided by macropore diameters of around 220 

nm and interpore connections in the range of 50 nm. Thus a heating-induced shrinkage was 
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observed, similar to other studies
35,36,40

, which amounts to ca. 32 % less than the initial 

template size.  

Ordered mesoporous titania thin films were intensively studied by Alberius et al.
37

 and 

prepared by evaporation-induced self-assembly (EISA) of the block copolymer Pluronic 

P123, the second template, and a hydrolyzed solution of tetraethyl orthotitanate. This mixture 

was adapted for lithium-insertion
41

 and modified by our group and applied for the synthesis of 

high surface area photoanodes in dye-sensitized solar cells.
42,43

 We also used this mixture to 

create and study hierarchical titania, composed of a highly crystalline macroporous scaffold 

which is interpenetrated by a mesoporous titania phase
40

 (chapter 5).  

In this study the precursor solution was cast on the macroporous silica hard template, dried at 

room temperature and calcined in air. After heating at 300 °C, Pluronic P123 was removed 

thus creating mesoporous titania. The TEM image in Figure 6.1 d shows good macropore 

filling, but also some shrinkage of the filling was observed accompanied by some beam 

damage during TEM investigation, which we attribute to the mainly amorphous character of 

sol-gel derived titania. For this reason some brighter areas around and between silica and 

titania were attributed to less dense matter.  
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Figure 6.1: (a) SEM images of loosely packed PMMA particles of around 320 nm. (b, c) 

SEM and TEM image of macroporous SiO2 replica obtained after silica precursor infiltration 

and calcination at 550 °C, exhibiting pore diameters of ca. 220 nm and inter pore connection 

windows in the range of 50 nm. (d, e) TEM and STEM-HAADF image of hierarchical 

macroporous silica/ mesoporous titania after precursor imbibition and final calcination at 300 

°C.  

 

The STEM-HAADF image (Figure 6.1 e) clearly demonstrates the mesoporosity and shows 

the contrast difference between the dense macroporous silica scaffold (homogenous grayish) 

and the brighter titania phase, which is interrupted by dark areas indicating mesopores (< 10 

nm).  
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To obtain individual mesoporous spherical titania, which was calcined at 300 °C and 400°C, 

respectively, macroporous silica was removed by etching in NaOH (1M) at 60 °C for 1 d. The 

spheres were further washed in water and ethanol by centrifugation. The pellet was dispersed 

by stirring (ultrasonic treatment partially destroys the spheres). The resulting white and turbid 

ethanolic solutions contained arrays of packed mesoporos titania spheres. The TEM images 

(Figure 6.2 a, c) show mesoporous titania spheres after calcination (300°C) and washing. The 

individual spheres exhibit diameters in the range of 210 – 230 nm, comparable to the 

macropore diameters (Figure 6.1 b), which indicates very small heating-induced shrinkage 

during mesostructure formation in the confined space of the macroporous silica. The HR-

TEM image (Figure 6.2 b) of the spheres shows small crystals in the range of 3-7 nm, thus 

leading to diffuse diffraction rings within the SAED pattern. 

An EDX spectrum was recorded (white square) on a single mesoporous titania sphere, shown 

in the STEM-HAADF image in Figure 6.2 c. The obtained spectrum (d) shows defined peaks 

for titanium and oxygen suggesting the presence of TiO2. The peaks for carbon and copper are 

attributed to the TEM grid. We note that peaks for Si and Na also occur, which led us 

conclude that one time etching and three time washing was not sufficient for full removal of 

residues. TEM images in 6.2 e, f show the corresponding sample (400 °C) at different 

magnifications. Similar to the sample calcined at 300 °C the hierarchical silica/ titania 

composite was treated with NaOH and finally washed. It is obvious that calcination at higher 

temperature improved the crystallinity, as demonstrated by the presence of anatase crystallites 

sized about 10 to 12 nm. This effect and the polycrystalline behavior is also represented the 

SAED pattern (6.2. f inset).  
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Figure 6.2: TEM and SAED (inset) of mesoporous spherical titania calcined at 300 °C (a, b) 

and 400°C (e, f), respectively. STEM-HAADF image (c) after calcining at 300 °C, and EDX 

spectrum (d) was collected from the white squared area. 
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Nitrogen sorption (Figure 6.3 a) was employed to estimate BET surface areas of 313 m
2
/g and 

119 m
2
/g for the 300 and 400 °C samples, respectively. Broad pore size distributions with 

major peaks at 5.1 and 6.7 nm and pore volumes of 0.47 and 0.38 cm
2
/g were observed for the 

sample calcined at 300 °C (black curves) and 400 °C (red curves), respectively. With 

increasing calcination temperature the randomly oriented crystals grow and present larger 

textural features (Figure 6.2).  

The XRD pattern (Figure 6.3 b) of both samples exhibits reflections at 25.4 °/ 2θ and 37.8 °/ 

2θ, which were attributed to the anatase 101 and 004 lattice planes. After heating to 300 °C 

only a weak broad intensity distribution indicates the 101 planes, which indicates the presence 

of very small crystals as shown by TEM (Figure 6.2 b) and SAED (inset), as well as a higher 

amorphous content. 

In the literature promoted crystal growth of TEOT derived titania was induced by the 

presence of already crystalline titania in the form of colloidal anatase nanoparticles (NP-6, 

chapter 3)
42

 or a polycrystalline macroporous scaffold (chapter 5)
40

. We suggest that the 

smooth surface of macroporous silica could also act as nucleaction site for the heating-

induced crystallization of the molecular precursor (TEOT). A mean crystallite domain size of 

13 nm (400 °C sample) was extracted from the XRD using the Scherrer equation, which is in 

good agreement with TEM measurements (Figure 6.2 d). This is also similar to the size of 12 

nm observed elsewhere in thin mesoporous films, derived for a comparable precursor mixture 

and calcination protocol.
41
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Figure 6.3: (a) Isotherms and pore size distributions (inset) obtained from nitrogen sorption 

measurements of spherical mesoporous titania calcined at 300 °C (black) and 400 °C (red), 

respectively. (b) XRD measurement of anatase (A) in the range of 20 to 40 °/ 2 Theta of these 

samples.  
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6.4. Conclusions 

 

A two-step replication procedure to prepare crystalline mesoporous titania spheres is 

demonstrated. The first replication step is based on the conversion of an array of PMMA 

particles into macroporous silica, by infiltrating the interstitials with a silica sol-gel precursor 

and subsequent thermal combustion of the polymer template. Secondly the silica hard 

template was infiltrated with a mixture of titania sol-gel precursor solution and a block-

copolymer template Pluronic P123. Calcination up to 300 °C and 400 °C induces titania 

crystallization and mesostructure formation by removing P123. The corresponding 

morphologies, hierarchical SiO2/ TiO2 composite and spherical titania particles, were studied 

before and after removal of the macroporous silica template, respectively, using a solution of 

sodium hydroxide. The resulting spheres are (partially) composed of nanocrystalline anatase 

and calcination at 300 °C lead to a highest surface area of 313 m
2
/g, pores of ca. 5 nm and a 

pore volume of 0.47 cm
3
/ g. Nitrogen sorption after calcination at 400 °C exhibit a reduction 

in surface area (119 m
2
/g), 6.7 nm large pores and pore volume of 0.38 cm

2
/g. The developed 

templating approach can be generalized and used for the synthesis of other spherical 

nanostructures, as long as the precursor solutions cause no strong dissolution of the 

macroporous silica hard template.  
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7. Spherical Ordered Mesoporous Carbon Nanoparticles with Extremely 

High Porosity for Lithium-Sulfur Batteries 

 

The synthetic strategy and sample preparation described here was developed in cooperation 

with my colleague Jörg Schuster (LMU Munich). The electrode preparation and further 

electrochemical characterization, TGA and nitrogen sorption of C/S composites was 

gratefully done in cooperation with Prof. Linda Nazar, Guang He and co-workers at the 

University of Waterloo (Canada)*.  

This chapter is based on the following publication: 

Jörg Schuster, Guang He*, Benjamin Mandlmeier, Taeeun Yim*, Kyu Tae Lee*, Thomas 

Bein and Linda F. Nazar*, Angewandte Chemie 2012, 124, 3651–3655.  

 

7.1. Introduction 

 

Rechargeable lithium sulfur (Li-S) batteries are attracting increasing attention due to their 

high theoretical specific energy density, which is 3 to 5 times higher than that of Li-ion 

batteries based on intercalation chemistry.
1
 Since the electronic conductivity of sulfur is 

extremely low,
2,3

 conductive carbon materials with high accessible porosity to “wire” and 

contain the sulfur are an essential component of the positive electrode. During the past two 

decades, various attempts have been made to fabricate C/S composites using carbon black,
4
 

activated carbons (ACs)
5
 and carbon nanotubes (CNTs).

6,7
 Although some improvements 

resulted, the cathodes suffered from inhomogeneous contact between the active materials and 

the electronic conductors. A major step forward in fabricating a uniform C/S composite was 
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reported in 2009. Some of us employed CMK-3, an ordered mesoporous carbon (OMC) 

featuring high specific surface area and large pore volume as a scaffold.
8
 As much as 70 wt% 

sulfur was incorporated into the uniform 3-4 nm mesopores, and the cells exhibited discharge 

capacities up to 1350 mAh/g, albeit at moderate rates. Inspired by this, another OMC, a bulk 

bimodal mesoporous carbon (BMC-1) was synthesized and investigated as a Li-S cathode.
9,10

 

The favorable pore dimensions and large pore volume greatly improved the rate performance 

of the sulfur cathodes. An electrode with 40 wt% S showed a high initial discharge capacity 

of 1135 mAh/g at a current rate of 1.0 C (defined as discharge/charge in one hour). However, 

similar to other reports,
11,12

 the capacity is very sensitive to the sulfur ratio in the C/S 

composite. It drops to 718 mAh/g once the sulfur content increases to 60 wt%, which reduces 

the gravimetric energy density advantage. These results suggest that the texture of the 

mesoporous carbon could be further enhanced. Very recently, Archer et al. reported sulfur 

infused nanoscale hollow porous carbon spheres prepared via an elaborate vapor method.
13

 

Despite the relatively poor rate capability of the cathodes, they displayed remarkable 

cyclability and good capacity, illustrating the advantages of nano-sized porous carbon in the 

sulfur cathodes. 

Here we report the synthesis of unique nanoscale spherical OMCs with extremely high 

bimodal porosities. The particles were investigated as a cathode material and sulfur host in Li-

S batteries where they showed high initial discharge capacity and good cyclability without 

sacrificing rate capability. Unlike bulk porous carbons, these carbon-sulfur sphere electrodes 

did not display significant capacity fading with the increase of sulfur content in the cathodes. 

We show that the nanoscale morphology of these materials is of key importance for ensuring 

highly efficient use of the sulfur content even at high cycling rates. Morphology control is a 

central issue in OMC
14-16

 synthesis. There are numerous examples of mesoporous bulk 

materials obtained either by hard-templating
17-21

 or soft-templating,
22-25

 including thin 
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films,
26-29

 membranes
30-34

 or free fibers.
32,35,36

 Most syntheses use evaporation-induced self-

assembly (EISA) followed by thermal treatment for template-removal and carbonization. It is 

a challenge to either create solution-based OMC nanoparticle syntheses or to adapt the 

established EISA methods to nanoparticles. 

 

Only few examples of OMC nanoparticles have been reported so far which are mainly limited 

for application in Li-S cells due to low pore volume and/or surface area. Approaches include 

templating with PMMA colloidal crystals
37

 or mesoporous silica nanoparticles,
38

 aerosol-

assisted synthesis
39

, ultrasonic emulsification
40

 or hydrothermal synthesis.
41

 Ordered arrays of 

fused mesoporous carbon spheres were reported by Liu et al. using macroporous silica as 

template.
42

 Recently Lei et al.
43

 reported the synthesis of 65 nm mesoporous carbon 

nanospheres, with both 2.7 nm mesopores and high textural porosity (surface area of 

2400 m
2
/g; total pore volume of 2.9 cm

3
/g). These showed promising supercapacitor 

properties.  

 

Our spherical OMC nanoparticles of 300 nm in diameter, prepared by a novel method, can be 

dispersed in water by sonification to form stable colloidal suspensions. The spherical 

mesoporous carbon nanoparticles were obtained in a two-step casting process. An opal 

structure of PMMA spheres was cast with a silica precursor solution to form a silica inverse 

opal. The inverse opal was then used as template for a triconstituent precursor solution 

containing resol as the carbon precursor, tetraethyl orthosilicate (TEOS) as the silica 

precursor and the block copolymer Pluronic F127 as a structure directing agent.
22

 

Carbonization was followed by etching of the silica template and the silica in the carbon/silica 

nanocomposite, resulting in the formation of OMC with hierarchical porosity. Through the 
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presence of silica in the walls, shrinkage during carbonization is reduced and additional 

porosity is produced by its removal; therefore extremely high mesoporosity is created. 

 

 

7.2. Experimental Section 

 

Materials 

Formalin (37 wt% formaldehyde in water) and the triblock copolymer Pluronic F127 (Mw = 

12600, EO106-PO70-EO106) were purchased from BASF AG, and phenol from Merck KGaA. 

TEOS (tetraethyl orthosilicate, C8H20O4Si), SDS (sodiumdodecyl sulfate, NaC12H25O4S), 

MMA (methyl methacrylate, C5H8O2) and Potassiumpersulfate (K2S2O8) were purchased 

from Sigma Aldrich GmbH. All chemicals were used without further purification. Chemicals 

for electrochemistry such as sulfur powders, cyclopentanone, poly(vinylidene fluoride) 

(PVDF), dimethoxyethane (DME), dioxolane (DOL) and bis-(trifluoromethane)sulfonimide 

lithium (LiTFSI) were all purchased from Sigma-Aldrich and used as is. 

 

 

PMMA colloidal crystals 

For the preparation of PMMA spheres 98 ml of distilled water were degassed with nitrogen 

for 15 minutes. 5 mg SDS (288.4 g/mol, 0.017 mmol) and 35.5 g MMA (100.1 g/mol, 0.35 

mmol) were added. The mixture was held at 90 °C or 1 h under reflux conditions in nitrogen 

atmosphere. The initiator solution containing 56 mg K2S2O8 (270.3 g/mol, 0.21 mmol) in 2 ml 

distilled water was added to the suspension. The white colloidal suspension was washed three 
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times by centrifugation (20 min, 20000 rpm) and redispersed in water. To remove small 

amounts of larger spheres (> 500 nm), an additional centrifugation and washing step was 

performed (2 min, 5000 rpm). The final solution exhibited a sphere concentration of about 20 

wt%. The colloidal stock solution was dried in a plastic petri dish for 12 h at 60 °C. The 

obtained pieces of densed packed colloidal crystals had a size of several mm
3

 and are directly 

used for further liquid impregnation of a silica sol-gel solution.  

 

Silica inverse opal
56

 

 

For silica sol-gel solution 4 ml of ethanol were mixed with 6 ml TEOS (26.9 mmol), 3 ml 

water and 1 ml concentrated hydrochloric acid (1.19 g, 12 mmol HCl). The colloidal crystal 

structures were crushed to powders and put on a filter paper in a Büchner funnel. While 

applying vacuum to the funnel, the silica sol-gel solution was dripped over the surface to 

completely wet the PMMA. The silica/PMMA composite was heated to 550 °C with a ramp 

of 1 °C/min and calcined for 5 h. The density of the silica inverse opal is much lower than for 

the PMMA opal, therefore the yield was only around 10 %. 

 

Resol precursor
23

  

 

A low molecular weight precursor for the organic framework was synthesized in a reaction of 

phenol and formaldehyde in a base-catalyzed process according to Meng et al.
23

 For the 

synthesis, 6.1 g of phenol (0.064 mol) were molten in a flask with 1.3 g of 20 wt % sodium 

hydroxide solution (0.0065 mol). The mixture was heated up to 50 °C and then 10.5 g 

formalin (37 wt % formaldehyde in water, 0.1295 mol) were added dropwise. The molar ratio 

of phenol / formaldehyde / NaOH was 1 : 2 : 0.1. The clear, lightly yellow colored solution 

was stirred at 75 °C for one hour and then cooled down to room temperature. The precursor 
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solution was neutralized with 1 M hydrochloric acid and the water was removed by vacuum 

evaporation below 50 °C. The resulting product (10 g) was redissolved in ethanol to a total 

weight of 50 g (20 wt %).  

 

Synthesis of Ordered Mesoporous Polymer-Silica and Carbon-Silica Nanocomposites  

 

A precursor solution was mixed according to Liu et al.
22

 for the sample MP-CS-36* with the 

mass ratio F127/resol/TEOS/EtOH/HCl/H2O) 1:0.5:2.08:12:0.0073:1.0. 

In a typical preparation, 1.0 g of Pluronic F127, 10.0 g of ethanol, and 1.0 g of 0.2 M HCl 

were mixed well at 40 °C. Then 2.08 g TEOS and 2.5 g of the 20 wt % resol solution were 

added, and stirring was continued for 5 h at 40 °C. The precursor solution was cast in a glass 

vial together with the silica inverse opal with a mass ratio for precursor solution/silica of 

100:1 which is equivalent with a ratio for precursor solution to initial PMMA spheres of 10:1 

for a silica yield of 10 %. The ratio is based on the assumption that the final porous carbon 

product has a density which is up to five times lower than the density of the non porous 

PMMA spheres and therefore needs up to five times more space. The OMC yield of the 

precursor solution is only 1.5 %. Therefore the weight ratio of the precursor solution to OMC 

is 66:1. Due to five times higher density of the PMMA spheres, the maximum ratio for 

precursor solutions to the initial PMMA spheres should be below 66:5 or 13:1. The chosen 

ratio of 10:1 was much lower. The solvent evaporated and the composite was 

thermopolymerized for 24 h at 100 °C. Afterwards, the material was carbonized at 900 °C in 

nitrogen, the heating sequence was 1 °C/min to 350 °C (3 h dwell time), then 1 °C/min to 600 

°C and 5 °C/min to 900 °C (2 h). 
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Etching of the silica 

 

After carbonization the carbon-silica nanocomposites were immersed in 10 wt% HF solution 

for 24 h. Afterwards the carbon was filtered and washed with water. 

 

Ultrasonic treatment 

 

10 mg of the OMC nanoparticles could be dispersed in 200 ml water by sonification for 60 

minutes in an ice cooled ultrasonic bath and for 10 minutes with an ultrasonic generator 

(Vibra Cell model VC 250, 20 kHz with 13 mm tip) at 50 % power. 

 

Preparation of BMC-1 carbon 

 

BMC-1 was prepared as previously reported, using a similar procedure as for the OMC 

nanoparticles.
9
 

 

Preparation of carbon/sulfur composites  

 

The C/S nanocomposites were prepared following a melt-diffusion strategy.
9 

The CS2 washed 

sample was prepared by filtering 50 mg C/S composite (70 wt% sulfur) with 8 ml EtOH-CS2 

mixture (v:v = 9:1), washing with EtOH several times and drying at 50 °C overnight.  
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SiOx coating  

The C/S composite with 70 wt% sulfur (100 mg) was soaked in neat TEOS (1 ml) and kept in 

a glove box at room temperature for 24 hours. The SiOx-coated C/S composites were 

collected by filtration, washed twice with EtOH and dried at room temperature for one day. 

 

Electrochemistry 

 

Cell assembly. The C/S cathode materials were slurry-cast from cyclopentanone onto a 

carbon-coated aluminium current collector. Typically, 82 wt% of C/S composite, 10 wt% 

Super S carbon and 8 wt% PVDF were mixed with cyclopentanone. The slurries were coated 

on aluminium current collectors and dried at 60 °C overnight. The electrochemical 

performance of the prepared cathodes was evaluated in 2325 coin cells cycled 

galvanostatically at room temperature between 1.5 V and 3.0 V, with lithium metal foil as the 

anode. The electrolyte used was 1 M bis-(trifluoromethanesulfonyl)imide lithium (LiTFSI) in 

a mixed solvent of 1,2-dimethoxyethane (DME) and 1,3-dioxolane (DOL) with a volume ratio 

of 1:1. This electrolyte was chosen to optimize the high rate behaviour.
57,58

 A current density 

of 1675 mA/g (or 1.3 mA/cm2) equivalent to full discharge or charge in 1 h was applied in 

both current sweep directions. 

 

Characterization 

Transmission electron microscopy (TEM) data were obtained on a JEOL JEM 2011 

microscope at an acceleration voltage of 200 kV. Scanning electron microscopy (SEM) was 

performed on a JEOL JSM-6500F scanning electron microscope equipped with a field 

emission gun, at 4 kV. Nitrogen sorption isotherms were obtained at -196 °C using a 

Quantachrome Autosorb-1. The sample mass in the measurement was 36.7 mg. The 
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calculation of the pore-size distribution was carried out with a NLDFT method using a silica 

kernel for cylindrical pores for the adsorption branch. This model is the best compromise for 

this system, as corresponding models for carbon materials do not yet exist. For better 

comparison with literature data the pore sizes were also determined with the BJH model, 

which gives maxima at 5.3 and 2 nm. Dynamic light scattering (DLS) was performed using a 

Malvern Zetasizer-Nano equipped with a 4 mW He-Ne laser (633 nm) and an avalanche 

photodiode detector. The scattering data were weighted based on particle volume. Thermal 

gravimetric analysis (TGA) was performed on a SDT Q600 analyzer. TEM image and 

elemental maps of the C/S were collected on a Hitachi HD-2000 STEM.  

 

 

7.3. Results and Discussion 

 

The scanning electron microscopy (SEM) images in Figure 7.1 depict the morphologies at 

different steps of the synthesis. The 400 nm PMMA spheres, close packed in an opal 

structure, (Figure 7.1 a) were used as the template for a silica precursor solution. A highly 

ordered inverse silica opal structure (Figure 7.1 b) was formed after calcination. The silica 

was then used in a second casting step as a template for an artificial opal made of OMC 

spheres (Figure 7.1 c, d). The particle size of the OMC spheres (Figure 7.1 c) is around 

300 nm, indicating little shrinkage occurred at 900 °C. The OMC spheres exhibit the close 

packing of the PMMA spheres and the silica inverse opal. The representative TEM 

micrographs in Figure 7.1 d, e reveal their 2D-hexagonal mesostructure (P6mm). In 

agreement with the SEM results, the mean particle size was 300 nm ± 40 nm.  
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Figure 7.1: SEM images: (a) PMMA spheres ordered in close packing with an inset at higher 

magnification; (b) Silica inverse opal structure with an inset at higher magnification; (c) OMC 

spheres ordered in opal structure. TEM micrographs of spherical OMC nanoparticles showing 

the 2D-hexagonal structure: (d) projected along the columns, with insets of Fast Fourier 

Transforms (FFT) of the squares; (e) tilted out of the columnar projection with FFT inset.  

 

Figure 7.1 d depicts the hexagonal structure projected along the columns. The FFTs clearly 

show the hexagonal symmetry of the projections with d-spacings of 12.5 nm. Tilting up to 30° 

showed no other zone axes; this excludes a 3D structure and verifies the 2D-hexagonal 

mesostructure. Figure 7.1 e shows the 2D-hexagonal structure tilted out of the columnar 

projection, where the cylindrical pores can be clearly observed. Thus the spherical 
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nanoparticles exhibit the same structure as the bulk material described by Liu and coworkers
22

 

synthesized from the same precursor solution. On grinding for TEM preparation, the OMC 

opal aggregates separated into small clusters (e.g. in Figure 7.1 d) or even single particles 

(e.g. in Figure 7.1 e), indicating that they are only loosely bound. 

Complete particle separation could be achieved by sonification. The DLS measurement in 

Figure 7.2 a shows an average particle size of 255 nm and a narrow size distribution. The 

mean particle size here is even smaller than found in SEM and TEM (300 nm). Thus the 

spheres could be isolated from the close packing of the opal structure to form stable colloidal 

suspensions of single nanoparticles. The left inset shows a colloidal suspension of the spheres 

in water, which was still stable after one week. The TEM micrograph in the right inset shows 

that even after the relatively harsh ultrasonic treatment the particles still exhibit a 2D-

hexagonal mesostructure. The OMC spheres show excellent porosity properties as illustrated 

in Figure 7.2 b. They exhibit a Type IV isotherm with a BET surface area of 2445 m
2
/g, an 

inner pore volume of 2.32 cm
3
/g (p/p0 = 0.82, pores < 13 nm) and a total pore volume of 

2.63 cm
3
/g (p/p0 = 0.98). The bimodal pore size distribution (NLDFT adsorption branch) 

shows a maximum for large pores of 6.0 nm and smaller pores (3.1 nm). The latter arise from 

the porous walls formed by etching the silica from the carbon/silica nanocomposite walls.  



 

189 

 

 

Figure 7.2: (a) DLS measurement of OMC spheres in water after sonification with insets of 

the stable colloidal suspension and a TEM micrograph showing the intact 2D-hexagonal 

mesostructure. (b) Nitrogen sorption isotherm and pore size distribution (inset, NLDFT 

adsorption branch) of the spherical OMC nanoparticles. 

 

These properties make the spherical nanoparticles suitable as a scaffold and host for sulfur in 

Li-S batteries. Three C/S samples denoted as S-BMC/S-50, S-BMC/S-60 and S-BMC/S-70 

were prepared (spherical-bimodal mesoporous carbon). The sulfur content of each sample was 

confirmed (Figure 7.3) by thermogravimetric analysis (TGA): 49.7 wt%, 61.4 wt% and 69.9 

wt%, respectively. The composites are stable up to 200 °C, before sulfur is completely 

removed at around 400 °C.  
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Figure 7.3: TGA data collected in N2 at a heating rate of 10 °C/min. (a) Three samples of S-

BMC/S-50, S-BMC/S-60 and S-BMC/S-70; (b) Comparison of as-prepared S-BMC/S-70 

versus CS2-washed S-BMC/S-70-W, suggesting the sulfur coated on the external surface of 

the particles was successfully removed. 
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Additionally, a successful carbon imbibition is consistent with the regarded nitrogen sorption 

measurements (Figure 7.4). Here, a decrease of the BET surface area from 240 m
2
/g (S-

BMC/S-50) to 97 m
2
/g (S-BMC/S-60) and only 10 m

2
/g (S-BMC/S-70) was calculated from 

the isotherms in figure 7. This also decreases the corresponding total pore volume from 0.46 

cm
3
/g to 22 cm

3
/g and 0.006 cm

3
/g, respectively. 

 

 

Figure 7.4: Nitrogen isotherms of the three S-BMC/ composites, indicating a successive 

reduction of the surface areas and pore volumes, with increasing amount of incorporated 

sulfur.  

 

Moreover, a required homogenous distribution of sulphur within a single BMC particle (S-

BMC/S-50) is represented by elemental mapping experiments (Figure 7.5.). The TEM image 

(a) still shows individual mesoporous, indicating an incomplete filling, which is consistent 

with the nitrogen sorption measurement (Figure 7.4). The intensity distribution of the sulphur 
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Kα1 rays (d) were only arising from volume of the carbon particle, which correlates with the 

mapping of carbon Kα1 rays (c). The detection of titanium Kα1 (b), which is not present in the 

sample, revealed the reference. 

 

Figure 7.5: TEM image of a single S-BMC/S-50 particle (a) and the corresponding carbon (c) 

and sulfur (d) elemental maps showing the homogeneous distribution of sulfur; (b) is the map 

of titanium as a reference. 

 

The electrochemical performance of the C/S samples as cathodes was evaluated with metallic 

lithium as the anode in coin cells. S-BMC/S-50 (Figure 7.7 a) shows the highest reversible 

discharge capacity of 1200 mAh/g. After 100 cycles this cell maintained a capacity of 730 

mAh/g at a high current density of 1C (1675 mA/g). Strikingly, unlike in previous 

reports,
9,11,12

 the electrochemical performance of the C/S nanocomposites was not strongly 
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affected by increasing the sulfur content to 60 wt% and 70 wt%. Both S-BMC/S-60 (Figure 

7.6) displays an initial capacity of 1170 mAh/g with 700 mAh/g retained after 100 cycles, 

comparable to S-BMC/S-50.  

All three samples show a drop in capacity during the first two cycles, followed by good 

stability on subsequent cycling. It is well known that both carbon and sulfur are hydrophobic 

and that sulfur exhibits strong affinity for porous carbons
8,44-47

 This is significant since their 

proportion of external surface area and pore surface area is relatively large, which is more 

pronounced for nanospheres than for bulk, a thin sulfur layer is probable formed on the 

external surface of these particles.  

It is also consistent with the initial charge-discharge profile of S-BMC/S-70 (Figure 7.6 b, 

black curve). An overcharge capacity about 150 mAh/g is observed, which we attribute to the 

dissolution of the reduced surface polysulfide species which engage in the shuttle mechanism 

during the electrode redox reactions (the results of the other two samples, which are not 

shown, are similar). In order to overcome this, two approaches were followed, a washing the 

C/S composite with CS2 or applying a thin silica coating on its surface 

 

First, S-BMC/S-70 was treated with CS2 to remove excess external sulfur. This step was 

characterized by TGA, and data (Figure 7.3 b) confirmed that about 14% of the sulfur was 

extracted. Nonetheless, the S content is still relative high.
 11,12

 The blue curve in Figure 7.6 b 

shows that all of the overcharge capacity disappeared in the first cycle of the washed (“S-

BMC/S-70-W”) sample, indicating that the undesired shuttle processes are suppressed.  

The sharp capacity drop at the 2
nd

 cycle was also diminished (Figure 7.6 a). In spite of some 

sulfur loss during the washing and filtration, the sample retained a capacity above 830 mAh/g 

after 100 cycles at a current rate of 1 C (i.e., 83 % capacity retention). Some overcharge (ca. 
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95 mAhg
-1

) appeared on the course of cycling as shown in Figure 7.6 c, similar to that 

reported for hollow C/S composites.
13

  

The coulombic efficiency dropped from 100% on the first cycle to 92% after 10 cycles, but 

remained relatively constant thereafter, indicating reliable stability. Relative to S-BMC/S-50 

and S-BMC/S-60 (Figure 7.7) (with similar sulfur content) it showed the best results. We 

anticipate even better capacity retention would be achieved with surface protection of the 

negative electrode. 

 

 

Figure 7.6: (a) Cycling stability of the three 70 wt% C/C electrodes, as prepared (S-BMC/S-

70), washed (S-BMC/S-70-W), and SiOX-coated (S-BMC/S-70-Si). (b) Comparison of initial 

charge-discharge profiles of as-prepared S-BMC/S-70 versus post-treated samples by SiOX 

coating or CS2 washing. (c) Discharge and charge capacity of S-BMC/S-70-W as a function 
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of cycling number. All the cells were operated at a current rate of 1 C (1675 mAg
-1

) at room 

temperature. 

 

Figure 7.7: (a) Cycling stability of C/S electrodes, having sulfur contents of 50, 60 and 70 

wt%. The influence of an additional CS2 washing is also shown for S-BMC/S-70-W. (b) 

Cycling stability of S-BMC/S-50 and S-BMC/S-60 versus the SiOX coated S-BMC/S-70-Si. 

All the cells were operated at a current rate of 1C (1675 mA/g) at room temperature. 

 

Another approach to avoid overcharge was to modify the sample S-BMC/S-70 with a thin 

SiOx coating. It has been established that additives can play important roles in the sulfur 

electrodes to suppress the polysulfide shuttle,
48-53

 among which mesoporous silica is 

particularly promising.
54

 Recently, Lee et al developed another facile method by creating a 

thin SiOx layer on the surface of the C/S electrodes.
55
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The electrochemical data for the functionalized sample S-BMC/S-70-Si (Figure 7.6 b, c) 

shows that the SiOx coating (Figure S3) was effective and that most of the over-discharge 

capacity was eliminated. The efficiency of the coating approach was also reflected by the 

cycling performance which was improved over long term cycling (200 cycles) (Figure 7.7 b).  

The presence of silica coating was also confirmed by elemental mapping of a single 

functionalized nano sphere. Here, the intensity of the silicon and oxygen signal is 

homogeneous distributed over the sample volume. According, to the previous shown mapping 

experiment (Figure, 7.5.) sulfur is still incorporated in the carbon network.  

In contrast, a complete decomposition of S-BMC/S-70-Si in oxygen, led to a remaining 

constant mass of around 2 wt% at temperatures above 640 °C. We attribute this ~2 wt%, to 

the SiOx layer. The TGA curve is shown in Figure 7.9. 
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Figure 7.8: TEM image of a single S-BMC/S-70-S particle (a) and the corresponding silicon 

(b), oxygen (c), carbon (d) and sulfur (e) elemental maps showing the homogeneous 

distribution of silica on the surface.  
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Figure 7.9: TGA data collected in O2 showing that the SiOX thin layer is ~ 2 wt% in the S-

BMC/S-70-Si sample. 

 

Comparison of the nano-spherical S-BMC bimodal mesoporous carbon with the previously 

investigated bulk material BMC-1 is illustrated in Fig. 7.10, which clearly demonstrates the 

advantages of S-BMC. The more sulfur is incorporated, the more obvious is the advantage. 

This result is attributed to the nanoscale morphology of the carbon phase. The small particle 

size of S-BMC allows the sulfur to distribute more homogeneously into the pores, which 

greatly enhances the electrochemical behaviour of the corresponding electrodes, compared 

with the bulk mesoporous carbon BMC-1.  
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Figure 7.10: Comparison of electrodes prepared from BMC-1 and S-BMC showing the 

importance of nanostructured cathodes (particles), compared to a bulk geometry, on the 

electrochemical performance. All the cells were operated at a current of 1C (1675 mAg
-1

) at 

room temperature. 
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7.4. Conclusions 

 

In summary, we have demonstrated the synthesis of spherical OMC nanoparticles of 300 nm 

in diameter with a 2D-hexagonal mesostructure. The material shows the highest inner pore 

volumes for mesoporous carbon nanoparticles of 2.32 cm
3
/g and also one of the highest 

surface areas of 2445 m
2
/g with a bimodal pore size distribution of large and small mesopores 

of 6 nm and 3.1 nm. The nanoscale mesoporous particles were successfully utilized as host 

scaffold for sulfur in Li-S batteries. The C/S spherical electrodes showed high reversible 

charge capacity of up to 1200 mAh/g and good cycling stability. The performance of the cells 

could be further improved by either removing the external sulfur on the surface or by adding a 

thin coating of SiOx. A comparison between nano-size and bulk carbon reveals that the 

excellent electrochemical properties of the cells should be attributed to the nanoscale 

morphology of the mesoporous carbon, which facilitates the preparation of homogeneous C/S 

composites and aids in charge transfer. This strategy is generally applicable to other C/S 

composites, as we shall show in subsequent work. For example, it also applies to other 

nanoscale carbon morphologies such as fibers, as long as they have comparable particle size, 

pore volume and surface area. 
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8. Bimodal Mesoporous Carbon Nanofibers with High Porosity: 

Freestanding and Embedded in Membranes for Lithium-Sulfur 

Batteries 

 

This chapter is based on a productive collaboration with the Group of Professor Linda Nazar 

(University of Waterloo, Canada). Guang He at Waterloo prepared complete lithium-sulfur 

batteries and performed electrochemical cycling measurements. The fibers were developed 

with Jörg Schuster, who also performed SAXS evaluation. We also thank Bastian Rühle for 

graphical design (both LMU colleagues). 

 

8.1. Introduction  

 

A large number of modern applications are dependent on porous carbon materials.
1
 Porous 

carbons are employed as sorbents for separation and gas storage, as catalyst supports and as 

electrode material for fuel cells, supercapacitors and batteries. A promising example for the 

latter is the rechargeable lithium–sulfur (Li–S) battery. This type of battery attracts increasing 

attention due to the high theoretical specific energy density, which is 3 to 5 times higher than 

that of Li-ion batteries based on intercalation chemistry.
2
 The highly favorable properties of 

porous carbons such as high specific surface area and pore volume, chemical and thermal 

stability and electrical conductivity make porous carbons suitable as electrode material in 

such batteries. In lithium sulfur batteries the carbon acts as cathode material and host for 

sulfur, which is reacting to Li2S. It has to provide electron transport to the insulating sulfur; 

therefore the sulfur has to be present in the range of a few nanometers from the carbon 
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surface. For this purpose the carbon electrodes for Li-S batteries need extremely high surface 

areas and high pore volumes. In addition they have to provide diffusion paths for the Li-ions. 

Ordered mesoporous carbons (OMCs)
3-5

 – tailor-made in terms of macroscopic morphology 

and properties of the periodic mesopore system – can be superior for Li-S batteries compared 

to classically used activated carbons.
6
 Thereby the morphology of the carbon architecture is 

only one possibility to optimize the performance of Li-S batteries. Very recently the 

encapsulation of sulfur particles in combination with a yolk-type titania shell enabled the 

design of very stable batteries with up to 1000 cycles (0.5 C).
7
 As the mass transport to the 

surface depends on both the pore size of the mesopores (or micropores) and the length of the 

diffusion paths inside those pores, hierarchical porosity is often beneficial.
8-10

 Morphology 

control is therefore an important issue in OMC synthesis. In the literature there are numerous 

examples for mesoporous bulk materials made either by hard-templating
11-16

 or soft-

templating,
17-21

 and several examples for OMCs prepared as thin films
22-28

 or as 

nanoparticles,
29-32,33

 as fibers embedded in membranes,
34-40

 or as free fibers have been 

reported.
36,38,41,42

 Most of the syntheses use self-assembly of oligomeric carbon precursors 

and block copolymers followed by thermal treatments for template removal (>350 °C) and 

carbonization (>600 °C). The OMCs synthesized by these methods normally suffer from 

serious shrinkage during carbonization, which results in reduced pore sizes and volumes. 

Tubular confinement can have highly beneficial effects
38,39

 on the shrinkage behavior and the 

thermal stability of the embedded fibers. Due to strong adhesion of the carbon to the pore 

walls of the confinement (e.g. alumina), the mesoporous structure cannot shrink; only the 

carbon pore walls of the mesostructured carbon can shrink. Therefore this restricted shrinkage 

effect results not only in much larger pore sizes compared to bulk syntheses from equivalent 

precursor solutions but also in increasing pore sizes at higher carbonization temperatures. 

Zheng et al.
38

 have realized fibers with pore sizes of up to 15 nm for carbonization at 700 °C 
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and as a further consequence very high porosity of 1154 m
2
/g and 3.44 cm

3
/g due to this 

restricted shrinkage effect. Recently, some of us
39

 reported a cubic OMC phase embedded in 

anodized alumina membranes (AAMs) with a pore size for the spherical pores of 20 nm upon 

carbonization at 1000 °C, also showing very high porosity of up to 1130 m
2
/g and 2.3 cm

3
/g. 

For applications that require larger amounts of free fibers the use of AAMs as template is not 

reasonable due to the high cost in relation to the OMC yield. Thus other hard templates with 

tubular pores should also be explored.  

A different approach to reduce shrinkage, introduced by Liu et al.
17

, uses a co-assembly of 

resol as carbon precursor and tetraethylorthosilicate (TEOS) as silica precursor for the 

synthesis of mesoporous carbon/silica nanocomposites. The silica in the walls has two 

beneficial effects; it reduces the shrinkage and creates additional porosity after removal 

through etching. Thus several mesoporous carbon bulk materials with varying carbon/silica 

contents could be synthesized that showed pore sizes around 6 nm and extremely high 

porosities up to 2470 m
2
/g and 2.0 cm

3
/g, respectively. 

Li-S batteries usually show capacity fading due to dissolution of intermediates – the 

polysulfides LiSn – in the electrolyte, which can cause irreversible loss of active sulfur. Thus 

it is also desirable that the used OMCs should also trap the polysulfides. For these reasons 

control over the diffusion of both the Li-ions and the polysulfides is necessary. The diffusion 

is controlled by pore sizes and geometries, but also by the external morphology, which 

defines the accessibility of the inner pore structure and the length of the diffusion paths. We 

have recently reported the synthesis of OMC spheres acting as carbon host in highly efficient 

Li-S batteries.
33

 The obtained nanosized morphology was viewed as causing the improved 

electrochemical capacities and cycling stability at high current rates, especially for high sulfur 

loadings (70 %), in comparison to the OMC bulk material.
43
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In comparison with those close packed OMC spheres, carbon nanofibers should also provide 

a suitable morphology for LiS batteries, giving accessible textural porosity for fast diffusion 

to the mesopores. A great advantage of fiber morphologies is the possibility to produce them 

in continuous processes. Easy and efficient synthetic routes for carbon fiber synthesis deal 

with spinning processes, however the resulting fibers do not yet exhibit the desired high 

specific pore volumes and/or surface areas. Several materials combinations have been 

reported, as in continuous spinning of a pre-formed aerogel into a 1D carbon nanotube fiber, 

using chemical vapor deposition.
44

 Carbon nanofibers (CNFs) can be also prepared by 

carbonization of electrospun polymer fibers. By electrospinning and partial decomposition of 

a polymer blend, porous CNFs were obtained.
45,46

 They exhibited micropores and mesopores 

with broad pore size distributions and BET surface areas above 600 m
2
g

-1
. With this 

technique, CNFs loaded with cobalt nanoparticles with a lower BET surface area of 417 m
2
g

-1
 

were also obtained.
47

 Additionally, electrospun porous carbon fibers with a BET surface area 

of only 123 m
2
g

-1
 were applied in Li-S batteries and showed a high discharge capacity of 

about 1400 mAh/g at a very low rate of 0.05 C, where the capacity was found to strongly 

decrease even at medium charging rates. (900 mAh/g at 0.2 C).
48

 Recently, a phenolic resin 

was used in combination with TEOS and Pluronic F127 to prepare carbon nanofibers using 

electrospinning. They exhibit disordered micro- and mesopores, and a BET surface area of 

1642 m
2
/g and a total pore volume of 1.0 cc/g, respectively.

49
 As mentioned above, another 

technique for the generation of hollow carbon tubes implies the replication of AAM (or 

AAO) membranes as hard template, by successive AAO wall coating and carbonization of 

carbon precursors. These hollow carbon structures were applied in Li-S batteries, thus 

showing high specific capacities (730 mAh/g) after 150 cycles at a low rate (C/5).
50

 

Summarizing, the synthesis of novel highly porous OMCs in the form of nanofibers could 
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enhance the accessibility of the pores and therefore have beneficial effects for applications 

dependent on diffusion of guests such as in LiS batteries.  

Herein we report the synthesis of mesoporous carbon nanofibers and their application in 

lithium-sulfur batteries. The fibers were obtained by a two-step casting process. Initially, 

commercial carbon nanofibers (MF-150, Ø ≈ 150 nm) were cast with a silica precursor 

solution leading to a silica template with tubular pores after calcination. The silica template 

was then refilled in a second step with a surfactant-templated precursor solution, carbonized 

up to 900 °C and finally etched in hydrofluoric acid to release the bimodal mesoporous 

carbon nanofibers (f-BMC-SIL, fibrous-bimodal mesoporous carbon from silica template). 

For the sample f-BMC-SIL, a triconstituent solution was used, containing resol as carbon 

precursor, TEOS as additional silica precursor and the block copolymer Pluronic F127. After 

carbonization and etching, the OMC nanofibers exhibited pores of ~9 nm from the block 

copolymer template and additional smaller mesopores from the removal of the silica from the 

walls of the composite, and showed therefore a large surface area and a very high pore 

volume of 1928 m
2
/g and 2.41 cm

3
/g, respectively. The fibers have diameters between 50 to 

230 nm and lengths of several micrometers. The process only involves the use of low-cost 

materials; especially the synthesis of the macroporous silica template is far more cost-

effective and scalable than the alternative anodic alumina membranes (AAM). For 

comparison, the triconstituent co-assembly was also performed using commercial anodic 

alumina membranes (AAMs) as hard templates, as they are used as model systems for 

confined mesostructure formation.
51,52

 The corresponding fibers f-BMC-AAM (fibrous-

bimodal mesoporous carbon from AAMs) show diameters in the range of ca. 90 – 260 nm 

after template removal, and feature a highly ordered circular hexagonal mesostructure, 

revealed by 2D small-angle X-ray scattering (2D-SAXS). Nitrogen sorption measurements 

and transmission electron microscopy studies (TEM, STEM-HAADF) confirm increased pore 
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sizes for both carbon fiber types compared to the corresponding bulk material due to a 

restricted shrinkage effect due to the tubular confinement.  

The fibers were successfully applied as cathode material in Li-S batteries, they show high 

initial capacities of up to 1250 mAh/g (50 wt% S) and excellent cycling stability at a high rate 

of 1C and high sulfur loadings of up to 70 %, accompanied by a very high remaining 

coulombic efficiency of 99.6 % (100 cycles).  

 

8.2. Experimental Section 

 

Chemicals 

Mesoporous Carbon Fibers. Formalin (37 wt% formaldehyde in water) and the triblock 

copolymers Pluronic P123 (Mw = 5800, EO20-PO70-EO20) and Pluronic F127 (Mw = 12600, 

EO106-PO70-EO106) were purchased from BASF AG, phenol from Merck KGaA and TEOS 

(tetraethyl orthosilicate, C8H20O4Si) from Sigma Aldrich GmbH. All chemicals were used 

without further purification. Carbon nanofibers MF-C150 were received from YOUR-TOOL 

GmbH (Ø = 80 – 150 nm, length 2-25 µm).  

 

Synthesis  

Macroporous Silica. For a silica sol-gel solution, 4 ml of ethanol were mixed with 6 ml 

TEOS (26.9 mmol), 3 ml water and 1 ml concentrated hydrochloric acid (1.19 g, 12 mmol 

HCl). The carbon nanofibers MF-C150 were suspended in ethanol and filtered on a Büchner 

funnel. While applying vacuum to the funnel the silica sol-gel solution was dripped over the 
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surface to completely wet the nanofibers. The silica/carbon composite was heated to 1000 °C 

with a ramp of 2 °C/min and calcined for 3 h. The silica yield is normally around 25 wt % of 

the initial carbon fibers, for example, 4 g of fibers will result in 5 g carbon/silica composite 

and 1 g of porous silica. 

Resol precursor. A low molecular weight precursor for the organic framework was 

synthesized in a reaction of phenol and formaldehyde in a base-catalyzed process according 

to Meng et al..
18

 For the synthesis, 6.1 g of phenol (64.0 mmol) were molten in a flask with 

1.3 g of 20 wt % sodium hydroxide solution (5 mmol). The mixture was heated up to 50 °C, 

before 10.5 g formalin (37 wt % formaldehyde in water, 129.5 mmol) was added drop wise. 

The molar ratio of phenol / formaldehyde / NaOH was about 1 : 2 : 0.1. The clear, lightly 

yellow colored solution was stirred at 75 °C for one hour and then cooled down to room 

temperature. The precursor solution was neutralized with 1 M hydrochloric acid and the water 

was removed by vacuum evaporation below 50 °C. The resulting product (10 g) was 

redissolved in ethanol to a total weight of 50 g (20 wt %).  

Synthesis of bimodal mesoporous carbon nanofibers (f-BMC-SIL and f-BMC-AAM)). The 

preparation of the precursor solution for f-BMC-SIL and f-BMC-AAM is based on Liu et al.
17

 

corresponding to sample MP-C-36*. The mass ratio of Pluronic 

F127/resol/TEOS/EtOH/HCl/H2O) was 1:0.5:2.08:12:0.0073:1.0. In a typical preparation, 1.0 

g of Pluronic F127, 10.0 g of ethanol, and 1.0 g of 0.2 M HCl were mixed well at 40 °C to 

obtain a clear solution. Then 2.08 g TEOS and 2.5 g of the 20 wt-% resol solution were 

added, and stirring was continued for 5 h at 40 °C.  

The macroporous silica hard template for f-BMC-SIL was placed in a glass vial before it was 

cast with the precursor solution. Here, a mass ratio for the weight ratio precursor 

solution/porous silica of 40:1 for f-BMC-SIL was chosen, which is equivalent with the weight 
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ratio for precursor solution to the initial fibers MF-C150 of 10:1 for a silica yield of 25 %. 

The weight ratio was chosen based of the assumption that the whole volume of the initial 

dense nanofibers will be converted into pores of the porous silica and finally into OMC 

fibers. Due to the porosity of the OMC fibers of ca. 80 % (corresponding to 2.0 cm
3
/g) their 

density is only 20 % of the initial dense fibers. Thus 1 g of initial fibers can result in up to 0.2 

g of OMC with fiber morphology.  

The OMC yield of the precursor solution of MP-C-36* is only 1.5 wt %. Therefore the 

inverse of the OMC yield, the weight ratio of the precursor solution to OMC is 66:1. Due to 

the assumed five times higher density of the carbon fibers (MF-C150), the maximum ratio for 

precursor solutions to the initial fibers MF-C150 should be below 66:5 or 13:1. The chosen 

ratio of 10:1 was lower. 

 

For comparison, the sample f-BMC-AAM was prepared using commercial anodic alumina 

membranes (AAM) as anisotropic hard template. Here 1.5 mL of the previously described 

precursor solution was cast on an anodic alumina membrane (GE Healthcare, Whatman 

 mb , Anodisc 47, 0.2 μm pore size), which was placed on a Teflon plate.  

In the following the solvent of both samples was evaporated and the composites were 

thermopolymerized in air for 24 h at 100 °C. Afterwards, the materials were carbonized at 

900 °C in nitrogen for 2 h. The heating ramp was 1 °C/min for the first step up to 350 °C. 

After a dwell time of 3 h, the samples were further heated with 1 °C/min below 600 °C, and 

5 °C/min above 600 °C. After carbonization the embedded fibers were immersed in 10 wt % 

HF solution for 48 h and finally washed several times in water (Millipore Q) and absolute 

ethanol. The dry powders were then prepared for further characterization.  
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Electrode preparation.
43

 The C/S nanocomposite was prepared following a melt-diffusion 

strategy. Mesoporous carbon was ground together with sulfur with a mass ratio of 1 : 1 and 

then heated in a reactor to 155 °C overnight. The C/S cathode materials were slurry-cast from 

cyclopentanone onto a carbon-coated aluminum current collector. Typically, 82 wt% of C/S 

composite, 10 wt% Super S carbon and 8 wt% poly(vinylidene fluoride) (PVDF) were mixed 

with cyclopentanone. The slurries were coated on aluminum current collectors and dried at 60 

°C overnight. The electrochemical performance of the prepared cathodes was evaluated using 

2325 coin cells cycled at room temperature between 1.5 V and 3.0 V, with lithium metal foil 

as the anode (Arbin battery cycler). The electrolyte used was 1 M bis-

(trifluoromethane)sulfonimide lithium (LiTFSI) in a mixed solvent of dimethoxyethane 

(DME) and dioxolane (DOL) with a volume ratio of 1 : 1. 

 

Characterization 

Transmission electron microscopy (TEM) data were obtained on a JEOL JEM 2011 

microscope at an acceleration voltage of 200 kV or a TITAN 80-300 microscope at an 

acceleration voltage of 300 kV. Bimodal mesoporous carbon fibers (f-BMCs) were dispersed 

in ethanol and dried on holy or dense carbon grids (Gatan, Inc.). For top views the AAMs 

were prepared in two steps, dimpling and ion polishing. Scanning electron microscopy (SEM) 

was performed on a JEOL JSM-6500F scanning electron microscope equipped with a field 

emission gun, at 3-5 kV. Nitrogen sorption isotherms were obtained at -196 °C using a 

Quantachrome Nova 4000e. Small-angle X-ray scattering (SAXS) was carried out with a 

SAXSess system (Anton Paar) equipped with a 2 D CCD detector. The wavelength of the 

incident beam was λ= 0.154 nm (Cu-Kα), the sample–detector distance was 308 mm. Samples 

were measured with a tilt angle of 5° with respect to the primary beam. 
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8.3. Results and Discussion 

 

The synthesis of the sample for f-BMC-SIL starts with the production of the macroporous 

silica template. After depositing the commercial carbon nanofibers (CNF, MF-C150) from an 

ethanolic suspension on a filter paper, a mesh of randomly orientated and several micrometer 

long fibers was obtained. They are bent and mainly exhibit diameters in the range of 50 to 

370 nm, while the given average diameter is 150 nm (Figure 8.1 a). The remaining interstitial 

voids were successfully filled with a hydrolyzed silica precursor, resulting in a dense 

macroporous silica template after calcination at 1000 °C. During the heating, shrinkage 

occurred, therefore pores with diameters ranging from 40 to 220 nm were remaining. The 

surface of the macroporous silica is very rough, which is attributed to a replication of the 

loosely packed fiber template (Figure 8.1 b). In the following, this template was cast with the 

resol/TEOS/Pluronic F127 precursor mixture, dried for several hours (triconstituent co-

assembly) and thermo-polymerized for 24 h at 100°C.
17,33

 The SEM image in Figure 8.1 c 

represents the top view on the hierarchical bulk composite, composed of the macroporous 

silica template and the incorporated mesoporous phase after carbonization at 900 °C (f-

BMCS-SIL). The image clearly indicates the high degree of filling of the macropores with the 

mesoporous carbon-silica phase after decomposing the block-copolymer Pluronic F127.  
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Figure 8.1: SEM images showing different steps during the synthesis of f-BMC-SIL (a) 

Carbon nanofibers MF-C150 at different magnifications, (b) the macroporous silica after 

calcination at 1000 °C and (c) the composite, composed of macroporous SiO2 and embedded 

mesoporous carbon/silica nanofibers after carbonization at 900°C in nitrogen.  

 

For comparison, we also performed the casting process with the identical precursor solution 

with anodic alumina membranes with similar pore size and geometry (f-BMC-AAM). The 

fragile AAM discs are commonly used as template for nanofiber synthesis and can serve as 

model system for the observation of mesostructure formation.
39,51,53-57

 The AAMs exhibit 

tubular pores oriented perpendicular to surface and are therefore suitable for 2D-SAXS 

investigation and TEM observations along the fiber axis (in plan view). The membranes also 

exhibit a certain variation in size and shape of the individual pores, which have an average 

diameter of around 200 nm. TEM and SAXS (Figure 8.2) reveal a circular hexagonal 

structure as the major phase for the embedded nanofibers. The TEM images (Figure 8.2 a, b) 

represent the obtained mesostructure of sample f-BMC-AAM observed along the long axis of 

the AAM pores, which provide triangular and tubular confined spaces down to about 80 nm 

(Figure 8.2 b, inset). Here, the circular order of tubular pores is clearly visible, while a minor 

phase exhibits a columnar hexagonal structure. The strong interaction of the carbon/silica 

phase with the alumina walls is indicated by the high degree of macropore filling. Usually 

strong shrinkage is observed for mesoporous structures in AAM pores, for example for pure 
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silica
55

 and carbon.
36

 However, for mesoporous carbon samples in AAM also a restricted 

shrinkage effect was found
38-40

 Due to strong adhesion of the carbon to the alumina walls of 

the membrane, the shrinkage is restricted if no delamination occurs. Therefore, the 

mesoporous structure cannot shrink, only the walls of the mesoporous carbon can get thinner. 

As a consequence, the pore size of the mesophase system remains constant or is even 

increasing. 

The complete filling of the pores in the samples discussed here indicates that the shrinkage 

was restricted. The reason can be two-fold: The resol/TEOS/F127 precursor mixture used 

here is known to stabilize the mesostructure in bulk material against temperature induced 

shrinkage.
17

 The second reason can be the aforementioned restricted shrinkage effect of the 

confinement. 

2D-SAXS measurements helped to identify the highly ordered 2D-hexagonal mesostructure 

as averaged structural information of the entire membrane of the sample f-BMC-AAM 

(Figure 8.2 c). The SAXS pattern is characteristic for a highly ordered circular hexagonal 

phase as the major phase.
39,55

 It can be indexed according to a zone axis parallel to the 

hexagonal axis of the unit cell (plane group p6mm) with [2-1] parallel to the membrane 

normal, with lattice plane distances for d01 and d10 of 12.8 nm and therefore a = 14.7 nm, 

which is in good agreement with the TEM plan views. The constant a is 21 % larger as 

compared to the corresponding bulk material MP-CS-36* (a = 12.1 nm)
17

, which clearly 

shows the restricted shrinkage effect of the confinement. The schematic drawing in Figure 8.2 

d illustrates the circular hexagonal order of tubular mesopores, within a confined channel of 

the macroporous hard template. 
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Figure 8.2: (a, b) TEM images of f-BMC-AAM show an ordered carbon/silica mesoporous 

structure in the pores of AAO membranes (c) SAXS pattern can be indexed in a circular 

hexagonal unit cell (plane group p6mm, a = 14.7 nm). (d) Schematic illustration of the 

circular hexagonal mesoporous structure in the confined space of a macroporous channel.  

 

Our goal was the final fabrication of free-standing CNFs, which was achieved by removing 

the macroporous templates for F-BMC-SIL and F-BMC-AAM, respectively. Both the 

calcined silica and aluminum oxide were completely removed by etching with hydrofluoric 

acid.  
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TEM characterization of both freestanding BMC fiber samples is depicted in Figure 8.3. The 

STEM-HAADF image in Figure 3 a shows a loose bundle of the curved fibers of f-BMC-SIL 

having diameters of ca, 40 to 200 nm (Figure 8.3 a) and lengths of several micrometers. 

Therefore they reflect the morphology of the initial dense carbon nanofibers that were used 

for the synthesis of the macroporous silica template, (MF-C150, Ø = 50 -370 nm, Figure 1 a), 

but they are thinner. The silica was heated up to 1000 °C during calcination and therefore 

shrinkage occurred. The fibers in Figure 8.3 a are bent, which is expected to be translated into 

the silica template and possibly might affect the order of the final mesoporous carbon. With 

STEM-HAADF and FFT we observed small domains with hexagonal mesostructure (Figures 

8.3 b and S1). For sample f-BMC-SIL, these mesoporous carbon nano fibers (CNFs) also 

depict rough surfaces and partially opened mesopores, which could be beneficial for 

diffusional access to the pore system. A possible reason might be a preferred condensation of 

TEOS during the processing at the silica walls, which could affect the dispersion of silica 

(and thus open space after etching) within the carbon.
58,59

  

Figure 8.3 b represents a highly ordered domain within an individual CNF, showing a 

hexagonal order of uniform pores at the edges, also with [2-1] orientation regarding the long 

axis of the fiber. A 2D-hexagonal structure was found with this precursor solution for the 

bulk material
17

, therefore a hexagonal structure was also expected in the fiber. In the center of 

the fiber the structure is tilted out of the columnar projection, we attribute this to the circular 

arrangement of the pores. These orientations are similar to the highly ordered circular 

hexagonal structure of f-BMC-AAM in Figure 8.3 c, d (see below). From the FFT, obtained 

from the entire part of image b, d-spacings of 11.4 nm were obtained for f-BMC-SIL, 

corresponding to a = 13.2 nm, which is 13 % larger than for the corresponding bulk material 

MP-C-36* (a = 11.7 nm).
17

 However, the restricted shrinkage effect is not as large as 

compared to f-BMC-AAM. As further consequence of this restricted shrinkage effect, the 
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pore diameters are also increased to a mean diameter of 8.5 ± 0.5 nm (compared to 5.8 nm
17

 

for MP-C-36*). The FWHM of the intensity variations in Figure 8.3 b was used to estimate 

an average pore size from more than 20 pores. In contrast, CNF originating from an AAO 

hard template (f-BMC-AAM) are very straight and exhibit a highly ordered and oriented 

mesostructure (Figure 8.3 c, d) with large domains. The fiber edges are also smoother and 

there are no visible openings of the individual mesopores. Consistent with the SAXS 

measurements, the FFT (inset) of Figure 8.3 d indicates d-spacings of 12.6 nm (a = 14.5 nm) 

for f-BMC-AAM, that is 10 % larger compared to f-BMC-SIL. Consistently, the pore size is 

also increased to 9.1 ± 0.5 nm. Here the FWHM of the intensity variations in Figure 8.3 d 

were used to estimate the average pore size, again from more than 20 pores. 
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Figure 8.3: STEM-HAADF (a, b, d) and TEM (c) images of the sample f-BMC-SIL (a, b) 

and f-BMC-AAM (c, d), respectively. Images and Fast Fourier transforms of the entire areas 

(FFTs, insets) indicate the high order of the mesostructure, obtained after removal of the 

macroporous templates by HF treatment.  

 

The porosity properties were determined by nitrogen sorption measurements of the free OMC 

fibers. Figure 8.4 depicts the isotherms of the samples f-BMC-SIL (a) and f-BMC-AAM (c) 
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with their respective pore size distributions (b, d). The calculation of the pore-size 

distributions was done with a QSDFT method
60

 using a carbon kernel for cylindrical pores for 

the adsorption branch due to the relatively large hysteresis. The carbon kernel is a good 

alternative to those that are often used for silica (NLDFT). The calculated values were listed 

in Table 8.1. 

 

Table 8.1. Porosity properties for mesoporous carbon nanofibers.  

Sample Name BET area (m
2
/g) Pore volume (cc/g) Pore size (nm)

*
 

f-BMC-SIL 1928 2.41 5.5, 8.6 

f-BMC-AAM 1822 2.21 5.7, 9.1 

*
QSDFT adsorption branch model for cylindrical pores with carbon as adsorbent.  

 

The sample f-BMC-SIL features a large surface area and a high inner pore volume of 1928 

m
2
/g and a total pore volume of 2.41 cm

3
/g (p/p0 = 0.98), respectively (Figure 8.4 a). Such 

high values were caused by the co-assembly of the carbon and the silica precursor that 

reduces shrinkage and gives additional porosity by etching the silica (Figure 8.4 b). Here a 

first maximum is shown at 1.8 nm, which we tentatively attribute to dissolved silica from the 

walls of the carbon network, but only 0.17 cm
3
/g contribute to the total inner pore volume of 

2.1 cm
3
/g (pores < 15 nm). The pore size distribution is dominated by pores having maxima 

at around 5.5 nm (1.0 cm
3
/g,) and larger ones between 8-10 nm (0.92 cm

3
/g), respectively. 

We attribute those two pore sizes to parts of the sample where shrinkage occurred (bulk 

carbon material that did not enter the macropore template, smaller pores) and where 
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shrinkage was restricted due to the confinement effect (carbon material in the macropore 

template, larger pores). Therefore the larger pore size is in agreement with the pore sizes 

estimated from STEM measurements (ca. 8.5 nm, Figure 8.3 b), while the 5.5 nm pores are 

consistent with the pore size from the bulk sample MP-C-36*.
17

 Both pore sizes contribute 

almost equally to the total pore volume.  

For f-BMC-AAM a slight decrease in surface area (1821 m
2
/g) and pore volume (2.2 cm

3
/g) 

relative to f-BMC-SIL is observed (2.13 cm
3
/g, pores < 15 nm). A volume of ca. 0.2 cm

3
/g is 

attributed to the pores smaller than 3 nm. The pore size distribution shows, similar to f-BMC-

SIL, a defined bimodal porosity with peaks at 5.7 (1.0 cm
3
/g, 4.5-7.5 nm pores) and 9.2 nm 

(0.67 cm
3
/g, 7.5-15 nm pores), where the 5.7 nm pores relate to the dimensions found for 

bimodal mesoporous carbon bulk samples.
17

 Again the different phases can be related to parts 

where shrinkage occurred (top-layer on the membrane, Figure S2) and where shrinkage was 

restricted (fibers in the membrane pores). 
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Figure 8.4: Nitrogen-sorption measurements (a, c) and pore size distributions (b, d) for f-

BMC-SIL (a, b), and f-BMC-AAM (c, d). The pore size distributions are calculated by a 

QSDFT method from the adsorption branches.  

 

Lithium-Sulfur Batteries  

We showed in chapter 7 that the effect of nanostructuring the conducting sulfur host can 

positively affect the performance of Li-S-batteries.
33

 Here we discuss analogous experiments 

using the mesoporous carbon fibers as host for the sulfur phase at the cathode. Prior to 

preparing the final mixture required for cathode fabrication, the OMC fibers need to be 

loaded with sulfur using a melt diffusion techinque.
43

 The SEM images in Figure 8.5 (a-c) 

demonstrate the loose order of fibers within the bulk, after sulfur loading (f-BMC-SIL-S). 
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Importantly, individual fibers exhibit no extra sulfur loading on the surface. For a successful 

application as cathode, a homogenous distribution is required, as demonstrated by EDX 

mapping (Figure 8.5 d). Here, the rectangular area of the SEM image was scanned, resulting 

in overlapping intensities for the C-Kα (red) and S-Kα (green).  

 

 

Figure 8.5: (a-c) SEM images of the sample f-BMC-SIL-S showing loosely packed and 

individual carbon fibers. (d) the EDX mapping experiment, obtained from the rectangular 

area in the SEM image, demonstrates the homogeneous sulfur distribution (red) within the 

CNFs (green).  

 

The sample f-BMC-SIL was tested as cathode material and sulfur host in Li-S batteries and 

investigated concerning reversible capacities and cycling stability at up to 100 cycles, which 

is depicted in Figure 8.5. The highly porous carbon fibers were loaded with up to 70 % S (f-
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BMC-SIL-S70) applied as cathode, and the final batteries were tested at the high rate of 1 C 

(Figure 8.6). 

 

 

 

Figure 8.6: Coulombic efficiency and cycling stability of f-BMC-SIL-S70 (1C; 1675 mA/g, 

full charge in 1 h).  

 

A very high coulombic efficiency – ratio between discharge and charge capacity – of 99.6 % 

was detected after 100 Cycles. Similar high coulombic efficiencies at lower rates (C/5, C/2) 

were shown for hollow carbon fibers, which was attributed to a reduced shuttle transport of 

polysulfides to the Li anode.
50

 After the 1
st
 cycle a high discharge capacity of 971 mAh/g was 

obtained, which decreased to 641 mAh/g (50 cycles) and 559 mAh/g (100 cycles) 

respectively, and corresponds to a remaining capacity of 66 and 58 %. With a lower sulfur 

loading of 50 % even higher capacities of up to 1250 mAh/g were measured (Figure S3). 
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Many approaches regarding additional carbon modification and activation are known to 

further enhance the performance of Li-S batteries, but here we compare our carbon network 

with a non-modified bimodal mesoporous carbon bulk, which some of us have reported 

previously.
43

 This carbon bulk was loaded with 60 % sulfur and showed an initial discharge 

capacity of 618 mAh/g, which is ca. 63 % of f-BMC-SIL and clearly demonstrates the 

beneficial influence of the fiber morphology on the device performance. After 50 cycles, this 

reference has a capacity of 453 mAh/g (71 %).
43

  

 

8.4. Conclusions 

 

We have demonstrated the synthesis of mesoporous carbon nanofibers and their application 

as cathode and sulfur host in high capacity Li-S batteries. Our approach demonstrates the 

benefits of an alternative macroporous silica hard-template using exclusively low-cost 

materials. The ordered mesoporous carbon nano fibers exhibited surface areas of up to 1928 

m
2
/g and an extremely high total pore volume of 2.4 cm

3
/g, respectively. The co-assembly 

approach of a carbon and silica precursor provides additional porosity by etching the silica 

from the carbon walls together with the tubular silica or AAM template in one step. The 

resulting fibers f-BMC-SIL and f-BMC-AAM feature a highly ordered hexagonal 

mesostructure of mainly circular orientation, in addition to residual bulk material with smaller 

pore size. Due to a restricted shrinkage effect in the tubular confinement the samples exhibit 

large pores of up to about 9 nm. Due to their high specific pore volume the fibers could host 

up to 70 wt% sulfur. The lithium-sulfur batteries constructed with these sulfur-loaded carbon 

fibers show high initial capacities of up to 1250 mAh/g (50 % S) and 970 mAh/g (70 % S), 

respectively and excellent cycling stability at the high rate of 1C.  
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8.5. Supporting Information 

 

 

Figure S1: STEM-HAADF image of carbon nanofibers (f-BMC-SIL) after removal of 

macroporous silica with HF (10 wt%). The FFTs of the highlighted red areas A-C show 

hexagonally ordered domains within the individual fibers. 
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Figure S2: SAXS pattern for the sample f-BMC-AAM indexed in the circular hexagonal 

(p6mm) unit cell. The squares show the reflections from the mesophases in the AAM pores 

while the circles show reflections from a top layer on the membrane. This top layer can be 

indexed in a 2D-hexagonal unit cell (plane group p6mm) with 01 orientation regarding the 

membrane normal. 



 

229 

 

 

Figure S3: Cycling stability of carbon nanofibers loaded with 50 wt% sulfur (f-BMC-SIL-

S50). The discharge capacity drops from initially 1250 mAh/g to 751 mAh/g (50 cycles) and 

648 mAh/g (100 cycles), which corresponds to a reduction of ca. 40 and 48 %, respectively. 

The sample was measured at a rate of 1C. 
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9. Lipid-bilayer Coated Nanosized Bimodal Mesoporous Carbon Spheres 

for Controlled Release Applications 

 

The last experimental chapter of this thesis is based on a collaboration with Stefan 

Niedermayer, who functionalized the carbon spheres and performed further studies for 

controlled release. Alexandra Schmidt was involved to create an efficient lipid-bilayer cap 

system. Jörg Schuster supported this work by fruitful discussions regarding the carbon 

chemistry. 

 

9.1. Introduction 

 

Colloidal mesoporous carbon particles feature several properties that make them attractive 

candidates for applications in controlled release and possibly drug delivery. These properties 

include high surface areas and pore volumes for high loadings, and good dispersibility. 

Additionally carbon can be equipped with various chemical functionalities, which are often 

required to create more complex systems 

Up to now, important systems explored in targeted drug delivery are based on mesoporous 

silica
1
, liposomes,

2,3
 and polymers.

4-7
 Different porous carbon morphologies, such as 

activated carbon particles,
8,9

 carbon nanotubes (CNTs)
9-13

 and ordered mesoporous carbon 

(CMK-3),
14

 loaded with certain compounds and exhibiting good biocompatibility
15,16

 have 

been reported in the context of drug delivery. Combining magnetic properties with carbon 

nanostructures is also being discussed for medical applications.
17

 Nevertheless, certain carbon 

nanomaterials such as multi-walled CNT, carbon fibers and certain types of particles (carbon 
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black) can lead to cytotoxic effects depending on their size, aspect ratio and surface 

chemistry.
18

 Another study showed that functionalization of CNTs reduced toxic effects to the 

cytosol.
19

  

Several reports describe the formation of mesoporous carbon for drug delivery by replicating 

silica hard templates. Zhu et al. showed the functionalization of mesoporous carbon with a 

thermoresponsive polymer.
14

 Based on this work, spherical mesoporous carbon in the size 

range of 500-800 nm was recently prepared, exhibiting a BET surface area of 1069 m
2
/g and 

high pore volume of 1.49 cc/g, with a pore diameter of 6.0 nm.
19

 Many approaches for 

mesoporous carbons are known,
21

 and the morphology can be controlled by the dimensions of 

hard templates. For example, MCM-48 silica particles were used as template for ordered 

mesoporous carbon (CMK-1).
22

 Furthermore mesoporous carbon nanoparticles (MCNs) were 

applied in drug delivery experiments providing a high BET surface area of 2034 m
2
/g and a 

pore volume of 1.2 cc/g.
23

 Also hydrophilic amino-functionalized MCNs in the range of 100 

to 150 nm were obtained and their high drug storage capacity was attributed to a BET surface 

area of 1309 m
2
/g and a pore volume of 0.9 cc/g (with small pores below 3 nm).

24
 A high 

biocompatibility was shown for mesoporous carbon nanoparticles hydrothermally derived 

from resol as carbon source and the block-copolymer Pluronic F127.
16

 With this approach 

particle sizes were obtained from ca. 20 to 140 nm, but the highest BET surface of 1131 m
2
/g 

area was accompanied by a small pore size of 2.6 nm for 90 nm large particles. The influence 

of the particle size on endocytosis was demonstrated with MCNs having small diameters of 

around 90 nm.
25

 These samples were prepared by a hydrothermal route, using the block co-

polymer Pluronic F127 as soft-template, resulting in particles with a BET surface area of 746 

m
2
/g, a pore volume of 0.76 cc/g, and a pore size of 2.7 nm.  

A general route for ordered mesoporous carbon (OMC) with high porosity involves a 

concerted co-assembly of carbon and silica precursors with Pluronic F127 and successive 
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template removal after full carbonization, providing a bimodal pore size distribution.
26

 Based 

on this method we recently reported dispersible and porous carbon spheres (sized about 330 

nm) using macroporous silica as hard template.
27

 Those MCNs provided the highest inner 

pore volumes for mesoporous carbon nanoparticles of 2.32 cm
3
/g and also one of the highest 

surface areas of 2445 m
2
/g with a bimodal pore size distribution of large and small mesopores 

of 6 nm and 3.1 nm. Those properties make them attractive candidates for drug delivery 

applications.  

In this study we report the synthesis of very small mesoporous carbon nanospheres with 

extremely high porosity and present the first efficient cap system for colloidal mesoporous 

carbon nanospheres.  

We synthesized very small mesoporous carbon nanospheres with diameters ranging from 45 

to 70 nm using a macroporous silica hard template providing appropriate dimensions. Our 

particles feature a very high BET surface area of 2003 m
2
/g and a high pore volume of 

1.95 cc/g. To the best of our knowledge this is the highest specific pore volume for 

mesoporous carbon nanoparticles at a size below 100 nm and also one of the highest surface 

areas. Additionally a bimodal porosity with maxima at 5.9 and 3.1 nm was achieved by 

removal of F127 from the pores and silica from the walls. Here we combine an extremely 

high loading capacity and very suitable particle sizes for an improved cell uptake. The use of 

supporting lipid bilayers (SLB) as cap systems has been successfully demonstrated for 

mesoporous silica nanoparticles.
27-33

 Being a very simple imitation of a cell membrane, SLBs 

can enhance circulation times and accumulation in tumor tissue as reported for the delivery of 

doxorubicin.
34

 Compared to liposomes, the solid nanoparticle core offers two major 

advantages. First, narrow size distributions and second, enhanced stability in comparison with 

liposomes can be achieved.
30,31,35,36

 Therefore we transferred the concept of SLBs to 

mesoporous carbon and present the first efficient cap system for colloidal mesoporous carbon 
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nanospheres. Efficient sealing of the mesopores could be obtained by coating each carbon 

sphere with an SLB. Regarding the lipid formulation, we used a mixture of cationic and 

neutral lipids (DOTAP and DOPC) and 60 nm NCS. To demonstrate the effectiveness of our 

cap-system, the controlled release of calcein was studied in-vitro by fluorescence 

spectroscopy. 

 

9.2. Experimental Section 

 

Chemicals.  

Sodium dodecyl sulfate, potassium persulfate, ammonium persulfate, methyl methacrylate 

(99%), tetraethyl orthosilicate (technical grade), concentrated HCl (37% in water), sodium 

hydroxide, Pluronic F127, Calcein, Triton X-100, sulfuric acid and organic solvents were 

obtained from Aldrich and used without further purification. Formalin (37 wt% formaldehyde 

in water) and Phenol was purchased from Merck KGaA and Pluronic F127 from BASF AG. 

Used Lipids: DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine, Avanti Polar Lipids), 

DOTAP (1,2-dioleoyl-3-trimethylammonium-propane, Avanti Polar Lipids). 

 

Synthesis of PMMA spheres.  

PMMA spheres of about 70 nm were prepared by a modified route reported elsewhere.
37

 The 

emulsion polymerization was started by adding a solution of 227.2 mg potassium persulfate 

(K2S2O8, 0.84 mmol) in 2 mL water to a mixture of 27.56 g methyl methacrylate (MMA, 

275.3 mmol), 196 mg sodiumdodecylsulfate (SDS, 0.68 mmol) in 98 mL water at 70 °C. 

Previously the water was degassed by streaming nitrogen for 1 h, before SDS and MMA were 
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added and the mixture was than stirred under refluxing conditions for 1 h at 70 °C. After 2 h 

of polymerization the reaction was stopped by external cooling and applying air to the three-

bottleneck flask (250 mL). The resulting colloidal solution was washed three times with water 

by centrifugation at 20500 rpm for 30 min. This solution was dried in plastic petri dishes for 

several days and the resulting flakes of several mm in size were dried at 80 °C for 2 h. 

Synthesis of macroporous silica.  

For the synthesis of the macroporous silica the obtained PMMA flakes were collected on a 

filter paper and cast multiple times with a hydrolyzed silica precursor solution. The residual 

solution was removed by applying vacuum to the Büchner funnel. For the silica solution, 12 

mL tetraethyl orthosilicate (TEOS, 53.8 mmol) were added to 8 mL ethanol under stirring. To 

the clear solution 6 mL water and 1 mL concentrated hydrochloric acid (HCl, 37 %) were 

dropped and stirred for another 10 min at room temperature.
27

 Finally, the PMMA/SiOx 

composite was calcined in air at 550 °C for 5 h (ramp; 1 °C/min).  

Synthesis of mesoporous carbon spheres  

For this purpose a mixture of resol precursor as carbon source, and silica precursor were used 

for casting the previously prepared macroporous silica template. The resol precursor was 

prepared according Meng et al.
37

 Here, 21 g formalin (37 wt % formaldehyde in water, 0.259 

mol) were added dropwise at 50 °C to a solution of 12.2 g Phenol (0.128 mol) and 2.6 g of 20 

wt % sodium hydroxide solution (0.013 mol). The final solution was than heated for 1 h at 75 

°C and cooled to room temperature. After neutralizing the basic solution using hydrochloric 

acid (1 M), water was removed by rotary evaporation. The resulting product was diluted in 

absolute ethanol to achieve a solution of 20 wt % (resol precursor). 
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For the final casting solution, 2.0 g of Pluronic F127, 20.0 g of ethanol, and 2.0 g of 0.2 M 

HCl were mixed well at 40 °C. Then 4.16 g TEOS and 5.0 g of the 20 wt % resol solution 

were added.
26

 The resulting yellow solution was stirred for another 5 h at the same 

temperature. Typically, 10 g of the solution were cast on 100 mg of the macroporous silica 

template, and the evaporation of the solvents and self-assembly of the F127 occurred at room 

temperature in an open Petri dish during 2–3 days.  

The resulting and filled flakes were collected and thermopolymerized in air at 100 °C for 

24 h, followed by carbonization at 900 °C in a stream of nitrogen. Here, the material was 

heated first to 350 °C (rate: 1 °Cmin
-1

; dwell time: 3 h), then to 600 °C (rate: 1 °Cmin
-1

) and 

finally to 900 °C (rate: 5 °Cmin
-1

; dwell time: 2 h). 

The resulting shiny black bulk material was additionally treated with aqueous hydrofluoric 

acid (10 wt%) for 2 days, to remove silica from the macroporous template and from walls of 

the mesoporous carbon phase. This treatment was followed by filtering and threefold washing 

with water (MilliporeQ) and absolute ethanol. 

Oxidation of nanosized mesoporous carbon spheres 

To obtain a colloidal suspension of carbon spheres, the bulk material was oxidized in a 

mixture of ammonium persulfate and sulfuric acid.
42

 Specifically, 30 mg NCS were added to 

a mixture of 2.4 g ammonium persulfate in 4 mL sulfuric acid (1 M). The resulting 

suspension was stirred for 24 h at room temperature. Subsequently, the particles were washed 

5 times by centrifugation (14000 rpm, 16873 rcf, 8 min) and redispersion in 5 mL MilliporeQ 

water. 
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Preparation of SLB@NCS loaded with calcein 

The amount of 1 mg oxidized colloidal mesoporous carbon was dispersed in 500 µL of an 

aqueous solution of calcein (1 mM) and stirred (500 rpm) for 2 h at room temperature in the 

dark. After centrifugation (14000 rpm, 16873 rcf, 8 min), 100 µL of a premixed lipid solution 

(70 µL DOPC + 30 µL DOTAB, each 2.5 mg/ mL in a mixture of 40 %v EtOH / 60 %v 

water) were added. Upon addition of 700 µL of MilliporeQ water, the formation of a 

supported lipid bilayer on the external surface of NCS was induced. The SLB@NCS were 

then centrifuged and redispersed in 800 µL MilliporeQ water, to eliminate unsupported lipids 

and ethanol. 

In-vitro release experiment  

An amount of 200 µL of the aqueous suspension containing SLB@NCS loaded with calcein 

was transferred into a tube which could be closed with a dialysis membrane (with a 

molecular-weight cutoff of 16000 g/mol).
39

 This custom made cap fits on the opening of a 

fluorescence cuvette, filled with MilliporeQ water. Only the fluorescent molecules are able to 

diffuse through the dialysis membrane, whereas the NCS material stays entrapped in the cap 

and is not able to enter the cuvette, where the dye molecules are detected by fluorescence 

spectroscopy. For the delivery experiment, a time-based measurement with an excitation 

wavelength of 495 nm and an emission wavelength of 517 nm was recorded. The dye-loaded 

sample was monitored in the closed state up to 4 h, showing no significant release of the dye 

molecules. After the addition of 5 µL Triton X-100 (1:1000 v/v in H2O) into the tube 

containing the SLB@NCS, the lysis of the lipids from the NCS nanoparticles allowed the 

diffusion of calcein out of the pores through the dialysis membrane and their detection in the 

cuvette. The release in the open state was monitored for additional 3 h.  
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Characterization 

Scanning electron microscopy (SEM) was performed on a JEOL JSM-6500F operating at 3–5 

kV (field emission). 

Transmission electron microscopy images were obtained with a FEI Titan 80-300 equipped 

with a field-emission gun (300 kV) using the high-angle annular dark-field mode (STEM-

HAADF). 

Dynamic light scattering (DLS) of aqueous solutions was recorded on a Malvern Zetasizer-

Nano equipped with a 4 mW He-Ne laser (633 nm) and avalanche photodiode detector. 

Nitrogen sorption measurements were performed on a NOVA 4000e at -196 °C 

(Quantachrome) after outgassing the sample at 120 °C under vacuum. An NLDFT 

equilibrium model of N2 on silica, based on the desorption branch, was used to calculate the 

pore volume, and the surface area was calculated with the BET model (p/p0 = 0.05– 0.20). 

IR spectra were recorded on a Bruker Equinox 55 FT-IR with KBr pellets. 

Fluorescence spectra were recorded on a PTI spectrofluorometer with a photomultiplier 

detection system (model 810/814). The 1 cm quartz cuvette (QG Hellma) was placed in a 

cuvette holder with magnetic stirring. 

UV-Vis spectra were recorded on a NanoDrop ND-2000 with 1 µL samples. 
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9.3. Results and Discussion 

 

Three dimensionally ordered macroporous (3DOM) silica, which was further used as hard 

template, was prepared by replicating an array of close-packed PMMA spheres. PMMA 

spheres were prepared by emulsion polymerization. The washed particles were dried in petri 

dishes at room temperature to achieve millimeter sized bulk material. Figure 9.1 a represents 

an SEM image of an ordered domain of packed PMMA spheres with diameters of around 75 - 

80 nm. These PMMA templates were collected, and casted several times with a 

prehydrolyzed TEOS precursor solution, to achieve a complete filling of the interstitial voids. 

The resulting PMMA/ SiOX composite was dried for several hours and calcined at 550 °C to 

solidify the silica precursor and to remove the PMMA template. The resulting pore diameter 

is ranging between ca. 60 - 70 nm, which is smaller than the initial PMMA sphere size and 

can be attributed to heating-induced shrinkage.
39,41

 The bulk material shows a good 

accessibility of the pores through random interpore connections in the range of about 20 nm. 

A rough silica surface was attributed to the loose initial packing of the PMMA spheres. The 

random orientation is also presented by a diffuse ring, obtained by the Fast Fourier Transform 

(inset) of the rectangle area (white). The diffuse ring indicates a d-spacing of around 70 nm, 

which is slightly smaller than the lattice spacings of the PMMA template (Figure 9.1 b). 
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Figure 9.1: SEM images of (a) the PMMA colloidal crystal template before TEOS 

impregnation, (b) the corresponding randomly ordered (FFT inset) macroporous silica 

replicate after calcination at 550°C (inset: a 2D fast Fourier transform (FFT) of the white 

square) and (c) bimodal mesoporous carbon spheres after carbonization at 900°C in nitrogen 

and final removal of silica residues by HF treatment. (d) DLS and photograph (inset) depicts 

a homogeneous size distribution of the spheres in solution.  

 

This macroporous silica was further used as hard template for the syntheses of bimodal 

mesoporous carbon spheres. As carbon source we used resol, which was co-assembled with 

two porogen compounds, TEOS and Pluronic F127. This precursor mixture enables a 

homogeneous dispersion of TEOS within the walls of the carbon mesostructure during an 



 

245 

 

evaporation-induced self-assembly (EISA), occurring during the casting and drying of the 

precursor within the empty voids of the macroporous silica hard template. Subsequent 

thermopolymerization at 100 °C for 24 h and carbonization at 900 °C in nitrogen results in 

full carbonization and conversion of TEOS into silica, dispersed in the walls of the 

mesoporous network. Simultaneously the total removal of Pluronic F127 is responsible for 

mesopore formation. All silica residues were successfully etched with hydrofluoric acid (10 

wt%), which creates a loose packing of nanosized mesoporous carbon (NCS) particles in the 

range of 45 to 68 nm (Figure 9.1 c). The particles can be separated either by oxidation with 

ammonium persulfate or ultrasound treatment, leading to well-dispersed colloidal suspensions 

(Figure 9.1 d, photograph). The DLS measurement shows a maximum size of 59 nm, which is 

consistent with the SEM data.  

 

The obtained NCS were also characterized by STEM-HAADF (Figure 9.2 a, b), 

demonstrating their uniform particle size. The very small carbon spheres feature a rough 

surface with accessible mesopores and smaller ones that are present in the walls. The pore 

structure seems to be random, which we attribute to a relatively small confined size within 

this macroporous template. In contrast, we previously found a pronounced highly ordered 

hexagonal phase within carbon spheres having diameters of around 330 nm.
27

 From nitrogen 

sorption measurements (Figure 9.2 c) a type IV isotherm was obtained, showing a wide 

hysteresis and no defined saturation at high relative pressures. We attribute this to a 

pronounced textural porosity between the particles. A high BET surface area of 2003 m
2
/g 

and a high total pore volume of 1.95 cm
3
/g were achieved. The bimodal porosity, resulting 

from the removal of F127 and silica from the walls, exhibits two maxima at 5.9 and 3.1 nm, 

respectively. These properties suggest that these small mesoporous particles are attractive 



 

246 

 

candidates for introducing chemical functionality and for applications as potential drug 

delivery system.  

 

Figure 9.2: (a, b) STEM-HAADF images of mesoporous NCS particles at different 

magnifications, obtained after HF treatment. Nitrogen sorption measurements reveal a type 

IV isotherm (c) and a bimodal pore size distribution (d).  

 

For the creation of a SLB@NCS system, the hydrophobic particle surface had to be oxidized. 

Here we used a procedure already known in the literature.
42

 The successful oxidation of NCS 
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in a solution of ammonium persulfate in sulfuric acid is shown by IR spectroscopy (Figure 

9.3). The two peaks arising at 1725 cm
-1

 and 1618 cm
-1

 can be attributed to carbonyl 

(carboxylic acid and keto-groups) and hydroxyl groups formed during the oxidation process 

(black curve). This negatively charged surface can now interact with the positively charged 

head groups of the phospholipids, which facilitates the formation of a SLB around the NCS. 

To show the potential of SLB@NCS as a release-on-demand system, we demonstrate that the 

SLB is able to prevent any premature release of dye molecules out of the mesostructure.  

 

 

Figure 9.3: Infrared spectroscopy of as synthesized (red) and oxidized NCS (black). 

 

For this purpose, we loaded a fluorescent dye (calcein) as a model for drug molecules into the 

mesopores of NCS and capped the nanospheres with a lipid bilayer containing DOPC and 

DOTAP. Afterwards, the calcein-loaded SLB@NCS were transferred into a tube sealed with 

a dialysis membrane (Figure 9.4 a) and mounted on top of a fluorescence cuvette filled with 

water. The membrane only allows the dye molecules to diffuse into the cuvette, whereas the 
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NCS stay entrapped in the tube. As long as the cap system blocks the release of the dye, no 

fluorescence signal can be detected (Figure 9.4 b).
29,39

 In this experiment, even after 4 h, no 

significant release was observed. Only after rupture of the SLB through the addition of the 

surfactant Triton X-100, dye molecules were able to diffuse out of the bimodal porous carbon 

particles across the membrane into the cuvette. The entire amount of calcein was released 

within 3 h (also see supporting information, Figure S2). Therefore, our results show the 

ability of SLB@NCS as effective cap system for colloidal mesoporous carbon nanoparticles. 

 

Figure 9.4: (a) Schematic presentation and photo of the release setup. (b) Release profile of 

calcein in SLB@NCS. 
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9.4. Conclusions 

 

We present a strategy for the synthesis of 60 nm large and colloidal nanosized carbon spheres 

(NCS). Their bimodal porosity features a high BET surface area as well as a high pore 

volume, which makes them attractive candidates for drug delivery agents with high loading 

capacity.  

The synthesis is based on the replication of small macroporous silica hard templates, by 

concerted co-assembly of a mixture of resol, TEOS and Pluronic F127. After successive 

thermopolymerization, carbonization and silica removal, the bimodal mesoporous carbon 

spheres can be separated into colloidal NCS by oxidative treatment. The mesoporous 

nanoparticles were loaded in a solution with fluorescent calcein as model drug and efficiently 

sealed with a stable supported lipid bilayer (SLB) cap system. Molecular release experiments 

demonstrate the effective closure and release of this system, which provides a tight seal until 

the addition of Triton X-100, which destabilizes the lipid bilayer and initiates a complete and 

controlled release of the fluorescent dye from the highly porous carbon.  
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9.5. Supporting Information 

 

Chemical structure of the used phospholipid and lipid: 

 

 

DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine, Avanti Polar Lipids) 

 

DOTAP (1,2-dioleoyl-3-trimethylammonium-propane, Avanti Polar Lipids) 

 

Figure S1: Chemical structures of DOPC and DOTAP. 

 

Figure S2: UV-Vis spectrum of SLB@NCS before (black) and after (red) the release 

experiment. 
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The black line represents SLB@NCS loaded with calcein. The peak represents the absorption 

of the loaded calcein. After the release (red line), no peak is visible, indicating complete 

release of the fluorescent dye out of the mesopores. 
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10.  Conclusions and Outlook 

 

This thesis is focused on developing templating strategies for mesoporous and macroporous 

titania and carbon morphologies in the form of thin films, bulk materials, particles and fibers 

that can serve in applications where porous structure is essential for optimized functionality.  

Macro- or mesoporosity was introduced into 3D architectures by the direct replication of 

templates, colloidal poly(methylmetacrylate) and block-copolymers, respectively. 

Macroporous titania films and bulk silica were developed with metal alkoxide precursors and 

crystalline building blocks using different techniques. The resulting confined macroporous 

space was the basis for the creation of more complex hierarchical systems. We controlled 

parameters such as (i) the size of the macropores and size and the ordering of the mesopores; 

(ii) the composition and crystallinity of the functional scaffold; (iii) the macroscopic shape 

such as thin films, bulk, particles and fibers. The physical properties of these materials are 

investigated with a view on diverse applications, i.e., the performance of dye-sensitized solar 

cells (DSCs), rechargeable lithium-sulfur batteries and controlled drug delivery. 

For the development of macroporous oxides PMMA beads were synthesized as sacrificial 

templates. The uniform colloids were accessible from 40 nm and 320 nm using emulsion 

polymerization. We combined them in a one-step co-deposition approach or a two-step 

replication procedure with several molecular titania and silica precursors and/ or different 

titania nanoparticles. All solid wall components showed individual heating-induced grain 

growth within the confined space of PMMA beads, and thus texture and structure of the open 

3D architectures could be controlled. We also developed ways to optimize the macroscopic 

quality of particle-derived films, for example by using a post-synthetic humidity treatment.  
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This synthetic flexibility was employed to create novel homologous hierarchical periodic 

nanostructures composed of a crystalline macroporous titania scaffold and a mesoporous 

titania phase. The confined synthesis in these systems showed a strong influence of the 3D 

scaffold on mesostructure assembly, which had three effects: larger structural parameters 

after synthesis, limited shrinkage upon heating and enhanced crystallization kinetics of the 

mesophase. The resulting structure was examined as hierarchical anode in dye sensitized solar 

cells. 

We also used various PMMA beads to produce amorphous macroporous silica, and used the 

spherical confined space for the synthesis of positive mesoporous replicas of the polymer 

beads. Thus Pluronic P123 and tetraethyl orthotitanate were used to obtain mesoporosity and 

crystallinity of titania in the macropores after calcination, while the SiO2 host was removed 

with NaOH to obtain spherical anatase particles. This method was also used for the creation 

of spherical hexagonally ordered mesoporous carbon nanoparticles (> 200 nm) and colloidal 

nanosized mesoporous carbon (~ 60 nm). Both particles were redispersible in polar solvents 

and feature very high surface areas and high pore volumes, respectively. To achieve template 

imbibition, a triconstituent co-assembly of a carbon (resol oligomers) and silica tetraethyl 

orthosilicate) precursors and Pluronic F127 was used in this synthetic appraoch. After 

thermopolymerization and carbonization, mesoporous carbon/silica was formed in the 

confined space. All silica residues were removed with HF to obtain a bimodal porosity in the 

resulting nano-spheres. 

Moreover, this templating approach was transferred to obtain a novel tubular macroporous 

silica hard template, showing comparable dimensions to anodic alumina membranes. This 

was achieved by using dense carbon fibers, in contrast to PMMA beads, which were 

replicated to produce mesoporous carbon fibers. A confinement effect of the macroporous 

space led to a reduced shrinkage of the mesophase accompanied by larger structural 
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parameters. Our carbon nanomaterials were further investigated in two widely different 

applications. Thus spherical ordered mesoporous carbon particles and fibers were 

implemented as cathodes in Li-S batteries showing high gravimetric discharge capacities (> 

1200 mAh/g) and good stability up to 100 cycles of (dis)charging. Both nanostructures 

performed better than a mesoporous bulk reference carbon material. Finally, we have 

developed novel colloidal nanosized carbon spheres, loaded with calcein as “model drug” and 

efficiently sealed with a stable supported lipid bilayer cap system. Controlled molecular 

release experiments demonstrate the effective sealing and release for this system. 

In conclusion, we have developed new strategies for inorganic and organic hierarchical, 

spherical and fibrous nanostructures, which were based on the replication of various uniform 

templates, such as PMMA spheres and dense carbon fibers. The obtained morphologies 

feature diverse properties regarding their structure, crystallinity and porosity. These 

properties were also affected by the confined macroporous space. The novel morphologies 

improved the performance of devices for energy conversion and storage and moreover could 

be used for possible medical applications. 

It is envisioned that by extending the nature and size range of the spherical templates one 

could access an even broader range of confined porous templates. Combining these with 

various alternative precursor combinations might lead to other new hierarchical architectures, 

having a macroporous scaffold and mesoporous interior. For example, we are presently 

investigating the possibility to employ such morphologies in light-induced water splitting 

reactions.  
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