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Abstract 
 
Linda Hussami 2010 

Doctoral Thesis 

"Synthesis, Characterization and Application of Multiscale Porous Materials" 

Inorganic Chemistry, Chemical Science and Engineering 

KTH, Royal Institute of Technology, SE-100 44 Stockholm, Sweden 

 
This thesis work brings fresh insights and improved understanding of nanoscale materials 

through introducing new hybrid composites, 2D hexagonal in MCM-41 and 3D random 

interconnected structures of different materials, and application relevance for developing 

fields of science, such as fuel cells and solar cells. 

New types of porous materials and organometallic crystals have been prepared and 

characterized in detail. The porous materials have been used in several studies: as hosts to 

encapsulate metal-organic complexes; as catalyst supports and electrode materials in 

devices for alternative energy production.  The utility of the new porous materials arises 

from their unique structural and surface chemical characteristics as demonstrated here 

using various experimental and theoretical approaches. 

New single crystal structures and arene-ligand exchange properties of f-block elements 

coordinated to ligand arene and halogallates are described in Paper I. These compounds 

have been incorporated into ordered 2D-hexagonal MCM-41 and polyhedral silica 

nanofoam (PNF-SiO2) matrices without significant change to the original porous 

architectures as described in Paper II and III. The resulting inorganic/organic hybrids 

exhibited enhanced luminescence activity relative to the pure crystalline complexes.  

A series of novel polyhedral carbon nanofoams (PNF-C´s) and inverse foams were 

prepared by nanocasting from PNF-SiO2’s. These are discussed in Paper IV. The 

synthesis conditions of PNF-C’s were systematically varied as a function of the filling 

ratio of carbon precursor and their structures compared using various characterization 

methods. The carbonaceous porous materials were further tested in Paper V and VI as 

possible catalysts and catalyst supports in counter- and working electrodes for solar- and 

fuel cell applications.  
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1. INTRODUCTION 

 
Templating is one of the most widely used methods to synthesize materials with structural 

units ranging from nano- to micrometers, for instance as in zeolites and photonic materials. 

The templates themselves can come in a great variety of forms including molecules, 

supramolecular assemblies, colloids, nanoparticles or even biological species, such as 

viruses [1-3]. In general, organic molecules or supramolecular aggregates are used as soft 

templates to promote the formation of porous solids of different kinds. On the other hand, 

these porous solids then can be used as hard templates (hosts) to direct the intercalation or 

grafting of guest molecules through surface modification, often resulting in precise casts or 

in inverse replicas of the host [4]. The key to a successful templating is to select the right 

template, which is sturdy enough to ensure the formation of the desired nanostructural 

framework but later easily removed without damaging the structure formed. 

The templating self-assemblies of inorganic and organic precursors provide almost 

unlimited opportunities in the design of porous frameworks, surface chemistry and pore 

structures (type, size and shape) of the materials formed. A true renaissance in zeolite 

chemistry was realized with the introduction of multifunctional long-alkyl-chain 

quaternary ammonium cations as structure directing agents for micropore formation in the 

late 1960s [5]. Extending the revolutionary idea of molecular templates to supramolecular 

aggregates, a new era was initiated in the design and synthesis of porous materials with 

tailored mesoporous structures [6]. Ordered mesoporous solids consist of inorganic or 

inorganic/organic hybrid units of long-range order with amorphous walls, tunable textural 

and structural properties with highly controllable pore geometry and narrow pore size 

distribution in the 2-50 nm range. The past fifteen years of intense research in the field of 

porous materials have led to several important discoveries providing a fresh incentive for 

new synthetic methods accompanied by the development of a vast range of potential 

applications [7, 8]. While zeolites are used on a technical scale in catalysis and separation, 

ordered mesoporous solids have recently entered the field of commercialization with 

applications in incipient technical processes from adsorption, catalysis, separation, energy 

storage and conversion to optoelectronics and nanotechnology [9].  
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2. MESOPOROUS MATERIALS 

 
Porous materials are solid forms of matter permeated by interconnected or non-

interconnected pores (voids) of different kinds: channels, cavities or interstices; that can be 

divided into several classes. According to the IUPAC definition [10] these materials can be 

microporous (D < 2 nm), mesoporous (D = 2-50 nm) or macroporous materials (D > 50 

nm) depending on the pore diameter D. The internal structural architecture of the void 

space potentially controls the physical and chemical properties; such as reactivity, thermal 

and electric conductivity, as well as the kinetics of numerous transport processes. The 

characterization of porous materials, therefore, has been of great practical interest in 

numerous areas including catalysis, adsorption, purification, separation, etc., where the 

essential aspects for such applications are pore accessibility, narrow pore size distribution 

(PSD), relatively high specific surface area and easily tunable pore sizes.  

Ordered porous solids contain a regularly arranged pore system (Paper II), and it is desired 

to design materials with different cylindrical, window-like, spherical or slit-like pore 

shapes and sizes. Synthetic zeolites and related porous materials belong to the group of 

ordered microporous solids and have been commercially utilized on a large scale [11]. 

However, zeolites present severe limitations in mass transfer due to their microporosity. 

Thus, attempts to increase the zeolite pore size, decrease the crystallite size, introduce 

additional mesopore systems and enlarge the pore sizes into the mesopore range while 

retaining the sharp PSD and high pore regularity represent an intense area of research. 

Mesoporous materials have been known for long, but their possible applications were 

highly restricted as they possesed high heterogeneity in pore size with irregular 

arrangements. The first ordered mesoporous material appeared in a patent in 1969 [5], but 

in absence of sufficient characterization, the specific features of this type of material were 

not recognized. Ordered mesoporous solids were first described, independently, by 

Japanese researchers [12, 13] and scientists at the Mobil Oil Corporation in the early 

1990´s [6].  
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2.1. INORGANIC MATRIX 

 
Numerous types of metal-oxide frameworks are known. Among them, SiO2 is the most 

widely used in a variety of applications, but other porous metal-oxides such as titanium, 

zirconium, aluminium, magnesium, tungsten and iron oxides are also widely investigated 

[14-16].  

In this study (Paper II, III and IV) porous silica matrices were used to investigate both the 

special surface characteristics of the silica after metal-particle incorporation as well as it is 

used as hard-template for the fabrication of new type of carbon materials. The inorganic 

matrix, using tetraethyl orthosilicate (TEOS) as silica source was formed via the 

polymerization of the inorganic species on the inorganic or polymeric soft-templates in 

aqueous solution including hydrolysis and condensation steps [17]. The kinetics of 

hydrolysis, as well as condensation, is highly pH dependant; highly acidic (pH 0-2) or 

weakly basic conditions (pH 9) were found to be the most favourable to promote fast 

hydrolysis and slow condensation rates. Considering the functional group during the TEOS 

polymerization steps, the sol-gel process can be described for silicon as follows: 

 

Hydrolysis:    ≡Si-OEt + H2O → ≡Si-OH + EtOH                      (1) 

Alcohol condensation:  ≡Si-OEt + HO-Si≡ → ≡Si-O-Si≡ + EtOH                (2) 

Water condensation:  ≡Si-OH + HO-Si≡ → ≡Si-O-Si≡ + H2O      

(3) 

 

2.2. TEMPLATES 

 
An organic, and in some cases an inorganic, template acts as a spacer that later becomes 

the void in mesoporous materials. This is achieved by assemblies of amphiphile molecules 

forming templates, as shown in Paper II and Paper III. Amphiphiles are surface-active 

agents (surfactants) consisting of a non-polar hydrophobic chain attached to a polar or 

ionic hydrophilic fragment. In general, surfactants are divided into four classes: a) anionic 
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or b) cationic, with negatively or positively charged head groups, respectively, c) 

amphoteric, with zwitterionic head groups, or d) nonionic, with uncharged hydrophilic 

head groups.  

Regulated by the so-called hydrophobic effect in aqueous solution the surfactant molecules 

self-assemble into various thermodynamically stable structures corresponding to classical 

monolayer and bilayer structures (lamellar phase), or the more complex three-dimensional 

micellar (L), hexagonal (H) and cubic phases (Q)  

 

A B C

 

 

 

 

 

 

 

 

 
Figure 1. Structures of 3D-phases: A: micellar; B: hexagonal and C: cubic 

 

 

The critical micelle concentration (CMC) is the lowest concentration of surfactants in bulk, 

at which micelles are spontaneously formed, and this is an important characteristic of the 

surfactant in a specific medium. In the case of ionic surfactants the CMC is influenced by 

the ionic strength of the solution, while in case of non-ionic surfactants it is mainly 

temperature dependent. At higher amphiphile concentration, the randomly disordered 

micelles spontaneously assemble into liquid-crystal phases of differing structures, such as 

hexagonal, cubic or lamellar. The critical packing parameter (CPP), in many cases, is used 

to predict the product structure and conditions for possible phase transitions according to 

the following equation. 

,
0 cla
VCPP =                      (4) 
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where V is the effective volume of the hydrophobic chain of the surfactant, a0 is the 

optimal surface area of the hydrophilic head group and lc is the critical chain length. The 

variables in the equation, thus the phase type formed, are dependent on temperature, 

surfactant concentration, ionic strength or pH. Typically, hexagonal and cubic phases 

occur when CPP < 1/2, lamellar phases when 1/2 < CPP < 1, and hexagonal and cubic 

inverse-type phases occur when CPP > 1. 

 

2.2.1. Ionic surfactants 

The most commonly used cationic surfactants in mesoporous materials synthesis are the 

quaternary alkyl-ammonium cations with a general formula R1R2R3R4N+ [18]. FSM-16 

and the mesoporous solids of the M41S family, MCM-41 (2D hexagonal), MCM-48 

(bicontinous cubic) and MCM-50 (lamellar) are mainly templated by 

cetyltrimethylammonium surfactants (CTMA+) accompanied by Cl- or Br- counterions [19]. 

In Paper II for the MCM-41 preparation, cetyltrimethylammonium-bromide was used for 

the direction of the inner porosity of the silica formed. Materials obtained by cationic 

templating typically have pore sizes between 1.5 and 10 nm and pore walls around 1-1.5 

nm.  

 

2.2.2. Nonionic surfactants 

The hydrophilic groups of nonionic surfactants are made from water-soluble moieties (e.g. 

water-soluble polymer chains) and most nonionic surfactants consist of poly(ethylene 

oxide) (PEO) chains as the hydrophilic group with the general formula Cn(EO)m. These 

materials are widely used in materials synthesis because of special microdomain 

morphologies, as well as their biodegradability and low toxicity. HMS (hexagonal 

mesoporous silica) and wormlike MSU-X (Michigan State University; X denotes which 

PEO is used) solids are typical examples of nonionic-templated mesomaterials introduced 

by Pinnavaia et al. [20, 21] using organic amines, nonionic amphiphiles and block 

copolymers under neutral conditions proposing an organic-inorganic hydrogen-bonding 

interaction. These materials are mechanically more stable, have thicker walls but similar 
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pore sizes, surface areas and pore volumes as compared to that of the ionic-templated 

materials. Zhao et al. [22] used high molecular weight triblock Pluronics (EOXPOYEOX, 

where X=5-106, Y=30-70,) as structure-directing agents to design materials with larger 

mesopores and ordered structure, denoted as SBA (Santa Barbara Amorphous). The most 

important members are SBA-15 (2D hexagonal) and SBA-16 (cubic). Without any 

additives, the mesopores of these materials are in the region of 6-15 nm with very thin 3-7 

nm walls. This makes them thermally more stable than M41S and similar silica materials.  

Pluronics are designed in a way to form micelles in water with their hydrophobic PO-

blocks cored within the hydrated EO-moieties. Similarly to other surfactants, at high block 

copolymer concentrations, this system also forms different lyotropic phases; hexagonal, 

cubic or lamellar, but the CMC and surface activity are more temperature dependent than 

those of the classical nonionic surfactants. The possible liquid-crystal structure and 

composition relation is best described by the Fontell scheme [23]. 

 

The Fontell Scheme 
 

   Solid   “Water in Oil”      Mirror plane       ”Oil in water”  Water 

 
Reversed Micelle 〉 Reversed Hexagonal 〉 Lamellar 〉 Hexagonal 〉 Micelle 

      
     ↑        ↑            ↑        ↑ 

 Cubic     Cubic         Cubic     Cubic 

 

Upon calcination of nonionic surfactant-templated materials micropores are introduced 

into the siliceous structure arising from the hydrophilic PEO parts penetrating the 

inorganic matrix during the wall formation, as could be seen in Paper III and Paper IV. 

These disordered micropores contribute to gas adsorption data and often ensure the 

connectivity between the mesopores.  
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2.3. SYNTHETIC ROUTES 

 

2.3.1. Precipitation 

Since the discovery of Silica Mesoporous Crystals (SMCs) a great number of extensive 

studies have been carried out to investigate the formation mechanism of porous materials 

on the basis of surfactant self-assemblies. Two different groups independently discovered 

the synthesis of ordered silica materials employing amphiphilic molecules [6, 13] resulting 

in materials with hexagonal arrays of pores in the 2-10 nm range. The synthetic routes 

followed different approaches, though. The synthetic procedure of FSM-n type silicas, 

proposed by Kuroda et al., relies on the intercalation of the cationic surfactant between the 

kanemite sheets followed by subsequent warping of the layers and inter-sheet condensation.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. Schematic explanation of the liquid-crystal templating synthesis following the 1, true liquid-crystal 

templating route 2, co-assembly cooperative pathway  

 

Mobil Research and Development Corporation suggested two different situations for the 

formation of the silica: 1, true liquid crystal mechanism; in which the surfactant 

concentration is high enough to form a lyotropic liquid crystalline phase that acts as a true 

surfactant 
micelle 

micellar rod 

inorganic-organic composite  mesoporous material 
(MCM-41 shown) 

lyotropic liquid crystalline phase
(shown a hexagonal array) 

silicate

1.) surfactant 
removal 

silicate silicate silicate 2.)
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template for the inorganic silicate species; 2, a cooperative self-assembly mechanism; 

where the surfactant and silica co-assemble forming an inorganic-organic liquid crystal 

without the presence of a pre-existing liquid phase from relatively low bulk amphiphilic 

solutions. Figure 2 shows the simplified schematic models of silica formation proposed by 

Kresge et al. 

The cooperative mechanism route was further developed by Davis et al. and by Stucky  

and coworkers [24, 25]. Stucky´s theory explaining the formation of the SMC´s on the 

basis of lamellar-to-hexagonal transformation has become generally accepted. It is 

northworthy be noted that the character of inorganic species together with the structure 

directing agents play a synergistic role in the formation mechanism. An electrostatic self-

assembly mechanism is suggested when charged inorganic precursors (I+ or I-) and ionic 

surfactants (S+ or S-) are used. A direct self-assembly pathway occurs when oppositely 

charged inorganic species and amphiphilic molecules are introduced into the reaction 

mixture (I+S-, I-S+), while a counterion-mediated (M+ or X-) pathway is suggested if the 

inorganic and surfactant species are of the same charge upon synthesis (I-M+S- or I+X-S+). 

Between non-ionic amphiphiles and uncharged inorganic species (I0S0), the attraction is 

due to hydrogen bond formation, as generally stated. Sundblom et al. [26] recently showed 

that the interaction between the silica oligomers and Pluronic polymer is mainly driven by 

entropy, that is to a large extent affected by the degree of silica polymerization. If the free 

Gibbs energy is expressed according to STHG Δ−Δ=Δ ; the change in enthalpy ΔH will 

be of a less importance as the number and strength of the forming and breaking of 

hydrogen bonds are nearly equal. On the other hand, as the hydrated silica and hydrated 

polymer micellar system of low entropy starts to aggregate, the surrounding water 

molecules are released and the solution enters a high entropy state. With increasing silica 

molecular weight, that is longer chain lengths and more interaction sites, the oligomer-

polymer attraction is stronger upon silica dehydration.  

The precipitation method is one of the most commonly used synthetic routes to obtain 

mesostructured materials today and the studied porous silica materials of this thesis were 

prepared this way, as shown in Paper II, III and IV.  
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Depending on the conditions of synthesis, the surfactant type used and the inorganic matrix 

source, many mesoporous structures are obtained following the cooperative, true liquid-

crystal templating or nanocasting route, as summarized in Table1.  

 

 

Table 1. Possible synthetic routes exploiting different templates 

Template Interaction  Synthesis condition Examples 

Ionic surfactant Ionic (Direct) S+I-, S-I+ Basic, Neutral-basic M41S , FSM-16 

 Ionic (mediated) S+X-I+, S-X+I- Acidic, Basic SBA-1/2/3 

Non-ionic 

surfactant  

Co-polymer 

Non-ionic 

 

Acidic 

S0I0  

 

N0I0, S0H+X-I+ 

 HMS 

 

MSU, SBA 

Ligand assisted Covalent SI Acidic Nb-TMS 

Nanocasting - - - CMK-n, PNF-C´s 

 

 

2.3.2. Evaporation-induced self-assembly (EISA) 

Evaporation-induced self-assembly (EISA) suggests an alternative route to the formation 

of liquid-crystalline phases. This combines sol-gel processing with molecular self-

assembly through solvent evaporation at moderate temperatures providing a flexibility to 

produce other types of mesostructures, such as monolithic, thin films, fibers or spherical 

particles. The concept was introduced by Ogawa et al.[27] and was later further developed 

and extended by Brinker et al.[28]. During dip or spin coating, a variety of templating 

strategies employing ligands, molecules or supramolecular aggregates together with 

control of the evaporation rate allow a great extent of pore-size control and precise 3D- 

nanostructure tailoring during the preparation of films. By performing EISA within aerosol 

droplets, additives are inevitably incorporated into the mesophase enabling ship-in-bottle 

construction of nanoparticles with precise porous or composite architectures. It is generally 

accepted to explain the phase behaviour of amphiphile-silica systems, in the cases of ionic 

[29], non-ionic [30] and block-copolymer [31] surfactant directed mesostructures, by 

binary water-surfactant phase diagrams. Alberius et al. [32] showed that block copolymer 
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P123 in water presents very similar phase behaviour to that of in prehydrolyzed  silicate 

solution allowing the use of binary water-surfactant phase diagrams to predict the desired 

mesostructures.         

 

 

2.4. CONTROL OF INTERNAL POROSITY 

 
Precise and effective pore-size tuning, while retaining a narrow pore-size distribution, are 

among the most targeted abilities in the synthesis of mesoporous materials. Enlarging the 

accessible pore voids of the frameworks, by using surfactants of different chain lengths, 

binary templating agent, increased temperature or postsynthetic routes; has since long been 

a topic of eager research. It was also shown by Wang et al. [33] that variation of the initial 

pH of the synthesis mixture, under similar synthesis conditions (temperature and mixture 

composition, etc.), led to MCM-41 of different pore dimensions. Recently, Du et al. [34] 

designed silica nanospheres of hierarchically porous structures simply by regulating the 

ratio of two cosolvents in the initial cationic surfactant mixture. Variation in the synthesis 

temperature and the use of large-weight-polymer templates could extend the pore size of 

mesostructured materials only up to 30 nm. Because of dimensional limitations of 

supramolecular templating, extending the pore size beyond 30 nm usually involves the 

introduction of external physical molds, such as polystyrene spheres, alumina membranes, 

etc. A high degree of expansion in the pore size ranges of the templated materials can be 

manifested through the addition of organic molecules/swelling agents (Figure 3), as seen in 

Paper III and Paper IV. The size, shape and hydrophobicity of the swelling agent, in 

principle, determine the design of the forming polymer/swelling agent micelles, thereby 

the forming porous structure. Without organic additives, the polymer in water solution 

exhibits spherical micelles that upon swelling undergo numerous phase transitions 

explained in the followings with respect to the change of packing parameter, CPP [35]. 

The organic additives are either accumulated on the hydrophilic PEO corona/PPO core 

interface or located in the centre of the hydrophobic PPO core. In the first case, the 

hydrophobic volume increases, as well as the packing parameter inducing a reduction in 
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micelle curvature; allowing rod-shape formation, that is favoured in the case of swelling 

agents with size smaller or of the same dimension as the hydrophobic PPO chains [36]. 

Bulky additives or oil molecules with longer chains than that of the hydrophobic partition 

accumulate at the centre of the PPO segment and promote phases with high surface 

curvatures, such as cubic or spherical structures, through on increase of the head-group 

area but decrease of the CPP.  Highly lyophilic swelling agents are found in the micelle 

core forming globular phases, while the less hydrophobic additives are located on the 

hydrophobic/hydrophilic interface favouring cylindrical structure formations.  

 

 

 

 

 

 

 

 

 
Figure 3. Swelling of polymeric micelles containing PEO-PPO-PEO block copolymers with organic 

molecules a) formation of rod-shaped micelle in the case of a swelling agent having the same or shorter chain 

length than that of the hydrophobic segment and b) formation of spherical micelle using organic swelling 

agent possessing longer chains as compared to the hydrophobic part of the micelle  

 

Comprising three different polydisperse segments, the PEO-PPO-PEO block copolymers 

temperature dependence, solution behaviour and aggregation properties are far more 

complex in comparison to other surfactants with CnEOm composition. In the case of the 

Pluronic surfactant, the water solubility of both the PEO and PPO chains decreases with 

increasing temperature, however, pure PPO is less soluble than PEO. The first aggregates 

are formed with high PPO/PEO ratio at lower temperature and contain larger micelles than 

those formed at higher temperatures composed of an average of all the individual micelles. 

At this stage, the PEO corona is highly polar characterized by a high hydration number. 

The temperature, at which the first micelles are formed called the critical micelle 

temperature (CMT), is dependent on the amphiphilic concentration. An increase in 

b)a) 
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temperature favours the formation of spherical, smaller, mixed micelles and disintegrates 

the first large agglomerates into aggregates with widely varying PPO/PEO ratios. At higher 

temperatures the dehydration of the PEO corona, thus a less polar EO conformation, 

dominates resulting in decreased head-group area and increased micelle growth probably 

attributed to a sphere-to-rod transition and the presence of more lipophilic PEO chains that 

swell the hydrophobic core. In a favourable overlap between the head-groups can promote 

an attractive micelle-micelle interaction that can later trigger clouding.    

 

 

2.5. FUNCTIONALIZATION 

 
Porous materials are of great interest in many applications, such as catalysis, adsorption, 

separation or sensing due to their exceptional properties, such as high surface area, tunable 

pore size, adjustable framework and surface characters. Therefore, it is important from 

both a fundamental and an application point of view to design nonsiliceous or silica 

composite materials with controlled composition and surface properties to meet the 

demand of the target applications. Mesoporous materials exhibit several defined 

nanostructures (lamellar, 2D or 3D hexagonal, bicontinous cubic, foam), numerous 

morphologies (nanoparticles, monoliths, powder, film, etc.) and various framework 

compositions (silica, organosilica, carbon and metal-oxides). A few types of 

functionalization, as part of this thesis, are mentioned below.  

 

2.5.1 Post-synthetic functionalization of porous inorganic materials, 

grafting of silica  

Grafting refers to the modification of the inner surface of the porous inorganic host 

material with organic groups primarily carried out by the reaction of surface hydroxyl 

groups with organosilanes R1Si(OR2)3 or less frequently with chlorosilanes R3SiCl or 

silazanes (SiR3)3NH; also with a great variation of other organic species [37, 38]. This 

functionalization combines the advantages of having a robust, thermally and chemically 
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stable inorganic matrix and a wide variety of functional organic groups within the same 

composite material. The structure of the host material is retained during the process, while 

the surface modification is accompanied by a decrease in pore size in the hybrid material 

depending on the degree of grafting and the size of the organic surface additive. If the 

initial reaction takes place at the pore openings of the material, the diffusion of the organic 

species into the pore structure can be impeded leading to non-homogenous distribution and 

low loadings, in extreme cases to complete pore blocking.  

 

2.5.2. Nanocasting 

The recently developed technique, nanocasting, has many advantages in terms of designing 

functional nanostructured materials with tailored properties and novel framework 

composition, as described in Paper IV. Traditionally, mesoporous metals, metal oxides and 

carbon structures are prepared by the replication method using various types of silica as 

hard template. Generally, the synthetic route for the preparation of carbon nanostructures 

involves three main steps: i, impregnation the silica hard template, a mold, of relevant 

structure with a suitable target carbon precursor; ii, subsequent polymerization (involving 

curing or stabilization steps in some cases) and carbonization, that converts the molecular 

precursor to a solid; iii, silica template removal by leaching, mainly with boiling NaOH or 

HF solutions. The precursor usually is composed of monomers that polymerize under 

moderate temperatures within the porous spaces of the template in an acid-catalyzed 

reaction. Therefore, the silica surface is usually treated with oxalic-, sulfuric or p-

toluenesulfonic acid and alternatively with aluminium or other metal ions with Lewis-acid 

properties to ensure that the catalytic polymerization happens excusively inside the pores 

of the silica framework. Subsequent carbonization is performed by pyrolysis at 600-900 °C 

in inert atmosphere, at which the polymerized precursor material transforms to carbon, 

similarly to other porous carbon preparations. The carbon precursor has to be chosen in a 

way that the infiltration into the template porosity achieves reasonably high carbon yields 

and is chemically non-reactive with respect to the template material. Also, it has to ensure 

as little shrinkage as possible without being decomposed upon heat treatment. Suitable 
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precursors are found to be sucrose, furfuryl alcohol, phenol resin, acetylene gas, 

mesophase pitch etc., depending on the carbon mesostructure and composition wanted.  

The resulting carbon structure is determined by the parent silica. It should possess a well-

developed, 3D-interconnected porosity in order to prevent the formed carbon nanocast 

from disintegration after the template is removed. Ordered mesoporous carbons either 

retain the same symmetry as that of the parent template or render new structures with 

lower symmetry, the latter often as a consequence of lack of pore connectivity in the silica 

framework.   

The successful synthesis of ordered carbon was first achieved by Ryoo et al. [39], who 

employed MCM-48 silica to create a new type of carbon material, CMK-1. By varying the 

filling degree of the precursor, numerous carbon replicas can be achieved, as seen in the 

case of SBA-15 silica replication yielding surface-templated CMK-5 (precursor-coated 

silica surface) and pore-templated CMK-3 (the carbon structure is a result of the complete 

filling of the silica pores) carbon structures [40, 41]. CMK-3 inherits the hexagonal, 

ordered, cylindrical channel framework of the parent silica, and the resulting carbon 

structure proves that the SBA-15 mesopores are interconnected via micropores explaining 

the great stability of the carbon replica. Thus, nanocasting is not only a method for 

reproducing and synthesizing novel materials; it also allows us to draw conclusions 

regarding the original silica structure and pore connectivity, especially in cases of polymer 

templated silica materials, such as SBA-15 or silica foams. In order to create porous 

carbons with larger pore sizes, Hyeon et al. reported the synthesis of mesocellular carbon 

foams using foamlike, cellular silica as template materials [42]. Recently, polyhedral 

carbon foams have been reported templated from polyhedral nanofoams [4]. After template 

removal, if the silica surface was coated with the precursor, two types of pores are 

generated in the final carbon product originating either from the unfilled template pores or 

from the removed silica walls. The loss of carbon precursor and the pore filling process 

during synthesis will determine the quality of the final product. The volume of the 

precursor is limited to the total pore volume of the template porosity to be filled; so in case 

of excess, the precursor molecules deposit outside the silica network leading to non-porous 

carbon. In addition, even if the precursor at first successfully impregnates the inner silica 
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surface by capillary forces, polymerization or carbonization at the pore openings can take 

place making it difficult to achieve the desired carbon framework structure.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4: Schematic interpretation of the formation of carbon nanocasts using polyhedral silica nanofoam, 

PNF-SiO2, as hard-template. Synthetic path A illustrates the exact replica formation of the carbon framework 

while path B presents the evolution of inverse polyhedral carbon foam.  

 

 

The nanocasting process is rather long and complex and might therefore limit the field of 

possible applications. Carbon materials can also be fabricated via direct conversion of the 

surfactant molecules of the as-synthesized silica material by carbonization of the triblock-
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copolymer/oil/silica nanocomposite before template removal [4] saving time and energy 

required in a nanocasting method.    

 

 

2.6. APPLICATIONS OF MESOPOROUS CARBONS  

 

2.6.1. Fuel cells 

A catalyst support should satisfy several requirements, such as high electrical conductivity, 

great electrochemical stability, large surface area and developed mesoporosity. Carbon 

blacks and activated carbons are the most widely used supports in fuel cells applications. 

However, the pore structures of these materials are mainly microporous hampering the 

transport of the reactants and the accessibility of the catalyst particles formed in the 

micropores. Mesoporous carbons are highly intriguing as a new class of support materials 

to solve the previous problems inherent in microporous carbons as subjected in Paper V. 

Moreover, the physiochemical characteristics of the mesocarbons can easily be tailored by 

the control of synthesis parameters including porosity, particle size and structure of the 

silica hard template, carbonization temperature, type and amount of carbon precursor used 

for the carbon support fabrication.  

For fuel-cell applications, mesostructured carbons with graphitic structure on the atomic 

scale are highly desirable, since they display a higher electrical conductivity as compared 

to other mesoporous carbons constructed by amorphous wall structures. The frameworks 

of the resulting carbon supports are designed of discoid graphene sheets [43], as well as 

turbostratic graphite comprising curved graphene sheets [44] obtained from the 

carbonization of various aromatic compounds or polyfurfuryl alcohol, respectively. With 

the increase of graphiticity, the BET surface area is gradually decreased; therefore, an 

optimum, where the values of electric conductivity and BET surface areas can maximize 

the final single-cell performance. This is then identified as the mesoporous carbon material 

to be used as working electrode in fuel cells. A schematic Polymer Electrolyte Membrane 

Fuel Cell (PEMFC) is illustrated in Figure 5. 
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Figure 5. Schematic illustration of a proton exchange membrane fuel cell (PEMFC). Nafion, the proton 

exchange membrane (PEM), is sandwiched between the cathode (working electrode) and anode (reference 

and counter electrode) using a novel Pt/carbon foam catalyst layer and a Pt/Vulcan72 thin film, respectively.  

 

 

The first fuel-cell application employing mesoporous carbon was described by Ryoo et al. 

[41], who prepared highly dispersed Pt particles onto a hexagonally structured, tube-like 

CMK-5 surface by incipient wetness impregnation (IWI) using H2PtCl6 as metal precursor 

and H2 gas as reducing agent. High surface areas and large pore volumes with decreasing 

pore sizes can provide a higher degree of metal catalyst dispersion resulting in increased 

single-cell performances; but still there is no clear indication of a single parameter that 

alone determines the outcome of the final electrolytic performance. It is a combination of 

numerous parameters that leads to maximum performance of fuel cell electrodes made of 

mesoporous carbon supports. In general, i, more graphitic pore walls, ii, interconnected 

3D-framework structures with pore size > 10 nm, and; iii, particle size ∼ 100 nm are 

favoured for enhanced cell performance.    
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2.6.2. Solar cells 

Numerous carbon materials have been reported to replace the Pt electrocatalyst as counter-

electrode material in dye-sensitized solar cells (DSSCs) due to their unique features and 

promising applications at low cost [45, 46]. The 3D-interconnected porous framework of 

large-pore sized carbon materials facilitate the diffusion of the electrolyte redox species, 

and the amorphous walls originating from polyfurfuryl alcohol polymerization ensure 

catalytic sites for redox couple reduction in the cell, as was investigated in Paper V. 

Accordingly, enhanced energy conversion efficiency and low-charge transfer resistance 

(RCT) are to be expected in the case of solar cells containing mesostructured carbon 

materials.   
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3. EXPERIMENTAL 

 

3.1. MATERIAL SYNTHESIS 

 

3.1.1. MCM-41, Paper II 

The fabrication of the mesoporous solid was performed via a sol-gel method using the 

cationic surfactant templating route under basic conditions. In a typical experiment, 20 ml 

of Tetraethyl-orthosilicate (TEOS) was added at high stirring rate to a mixture of 4.8 g 

CTAB, 100 ml distilled water and 12.4 ml ethylamine (70 wt %). The mixture was stirred 

for four hours at room temperature, then placed in a Teflon bottle and aged at 110 ºC for 

two days. The precipitation formed was washed and dried in air followed by posterior 

calcinations at 650 ºC with a heating rate set to 1 ºC/min. In order to prevent hydrolysis, all 

experiments were carried out in a glove box under a deoxygenated and dry nitrogen 

atmosphere (H2O and O2 < 1 ppm).  

  

3.1.2. PNF-SiO2, Paper II and III 

In this work, 16 g non-ionic Pluronic block copolymer P123 [(EO)20(PO)70(EO)20] 

templating material was mixed with 360 ml H2O and 240 ml 4 M HCl at various 

temperatures, and after complete dissolution the mixture was swelled with different 

amounts of 1,3,5-trimethylbenzene (TMB) to direct the mesostructured particle formation. 

35 ml TEOS was used as silica source, and the white precipitate formed was left for 1 day 

and later aged at 80 ºC for 1-2 days. The precipitate was washed with water, air-dried and 

calcined at 550 ºC with a heating rate 1 ºC/min in a flow of air.  
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Figure 6. Representation of the formation of the polyhedral PNF-SiO2 foam by swelling of the polymer 

micellar mixture with TMB followed by silica precursor hydrolysis and condensation forming a growing 

flexible shell eventually leading to micelle aggregation and structural consolidation 

 

3.1.3. Lanthanide-complex synthesis, Paper I 

The general synthetic route to mononuclear lanthanide-complex (LnC) fabrication is to 

mix lanthanide halides, LnX3 (Ln = Ce, Yb or Dy; X- = Cl- or Br-) with excess amounts of 

gallium halides, GaX3 (X- = Cl- or Br-) in dry p-xylene or toluene yielding complexes with 

the composition of [Ln(η6-arene)(GaX4)3] (X- = Cl- and Br-; Ln = CeIII, YbIII, and DyIII), 

where the arene ligands represent the molecules of the solvent used. In order to investigate 

the chemical behavior of the Ln complexes, attempts to successfully substitute the arene 

ligands with poylcyclic aromatic hydrocarbons (PAHs) were carried out by simply heating 

the complexes with excess naphthalene or pyrene dissolved in 1,2,4-trcholorobenzene. In 

this regard, the first neutral naphthalene and pyrene ligands attached to cerium- and 

lanthanide-complexes were described.   

 20 



3.1.4. Incorporated MCM-41 and PNF-SiO2 silicas, Paper II and III 

The hybrid composite silica materials containing covalently bonded lanthanide-complexes 

were fabricated by wetness impregnation excluding all residual oxygen and water 

components using Schlenk technique. The previously synthesized lanthanide-complex, 

described in Paper I, crystals were dissolved in the same dried solvents as the ligand 

coordinated to the lanthanoid centre in the corresponding complex crystal under mild 

conditions. Meanwhile, the mesoporous silica materials were activated under vacuum (10-2 

Torr) at high temperatures for several hours in order to remove all water adsorbed within 

the inner porosity of the inorganic framework. Finally the complex solution (1.5x10-5 M) 

was quickly dispersed into the activated solid material, heated at 70-80 ºC and stirred for 9-

18 hours to allow the metal-containing complexes to fully impregnate the solid 

mesoporous surface followed by a drying procedure at 60 ºC under N2 atmosphere.  

 

3.1.5. Carbon nanocasts, Paper IV 

PNF-SiO2 polyhedral silica nanofoams, shown in Paper II and III, with typical dry foam 

structures and with cell sizes in the meso- to macro-range are suitable candidates to 

template the formation of polyhedral carbon nanofoams (PNF-Cs) or inverse carbon foams 

(iPNF-Cs). In our study, two methods were carried out for the preparation of the carbons 

using different carbon sources: 1, by carbonization of polymerized furfuryl alcohol 

impregnated into the calcined silica porosity previously pre-treated by p-toluenesulfonic 

acid (PTSA) to ensure the acid catalytic sites supporting the polymerization; 2, by direct 

carbonization of the templating P123 copolymer/swelling agent mixture trapped inside the 

non-calcined silica framework. Preparation of carbons using furfuryl alcohol (FA) as 

carbon precursor was performed by adding specific volumes of FA corresponding to 50-

100 % (with 10 % steps) of the previously determined inner pore volume of the silica 

porous structure, to the dried and vacuum-treated polyhedral silica foam. Polymerization 

was executed at 80 ºC for 2 hours in air, while the carbonization was executed at 800 ºC 

for 8 hours in a self-generated, non-combustive atmosphere using sealed quartz tubes. At 

lower furfuryl alcohol loadings, carbon structures resembling the original silica froths 

(PNF-C) were formed, while in the case of high loadings inverse foams (iPNF-Cs) were 
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achieved. Direct carbon foam synthesis took place by carbonizing the pre-synthesized 

inorganic/organic hybrid silica containing the template and swelling agents at 900 ºC for 8 

hours under the same non-combustive atmosphere using a sealed quartz tube. These foams 

are denoted as N-PNF-Cs. Silica dissolution was carried out by immersing the silica-

carbon hybrid into 1:1 1-2 M NaOH:ethanol or dilute HF solution at close to boiling 

temperatures. The black carbon foam powder was washed with 1:1 H2O:ethanol solution 

and dried in air at 100 ºC. 

 

 

3.2. EXPERIMENTAL TECHNIQUES 

 

There are a vast number of characterization methods that are employed for the 

investigation of porous materials or porous material-related composites. Each of them on 

their own cannot provide sufficient contribution to the determination of the structure, 

morphology, surface features, porosity, reactivity, conductivity, resistance, etc., but 

combining different techniques supplies valuable information for a comprehensive 

characterization study. 

Table 2. briefly summarizes the analytical methods applied in this study with respect to 

each paper. 

 

3.2.1. Sorption techniques 

 

3.2.1.1. Nitrogen physisorption 

Nitrogen adsorption/desorption performed at 77 K is a widely used technique for the 

characterization and the determination of specific surface areas and pore volumes of 

porous materials. The adsorption takes place between the solid surface (adsorbent) and the 

gas (adsorbate) through weaker or stronger interactions. The isotherm represents the 

changes of adsorbed gas volume at a fixed temperature as a function of pressure, and its 

shape gives direct information about the character of the adsorbent-adsorbate interaction, 
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monolayer-multilayer formation, pore filling and pore empyting, pore structure (size, shape 

and connectivity) and layer-by-layer adsorption. In the case of mesoporous materials, the 

adsorption is controlled by multilayer formation and capillary condensation/evaporation, 

while the micropore filling is dominated by stronger interactions. Referring to the IUPAC 

[10] conventions, porous materials can be described by 6 different isotherm types, shown 

in Figure IUPAC. The type I isotherm is attributed to microporous solids, where the uptake 

is limited to micropore accessibility. The type II isotherm represents non-resctricted 

monolayer-multilayer adsorption for non-porous or macroporous adsorbents. The type III 

and V isotherms are uncommon; in those cases, the adsorbent-adsorbate interactions are 

rather weak. The type IV isotherm, with a distinct hysteresis loop governed by capillary 

condensation, is characteristic for many mesoporous materials. The type VI isotherm is 

associated with multistep layer-on-layer adsorption on a non-porous surface. Hysteresis 

loops have been classified in a way similar to the IUPAC isotherm scheme; a type H1 loop 

arises from uniform voids of narrow pore-size distribution, a type H2 hysteresis is 

attributed to porous materials with ink-in-a-bottle pore shape, while Type H3 and H4 

hysteresis loops are governed by the presence of narrow slit-like pores.     

Gas physisorption usually provides textural information only about the bulk material. 

Specific surface areas (SSAs) are determined by the Brunauer-Emmett-Teller (BET) 

method [47]. Pore-size distributions are commonly obtained using the Barrett-Joyner-

Halenda (BJH) method [48], which employ the Kelvin equation but generally 

underestimates the real pore sizes. The modified Broekhoff-de Boer (BdB-FHH) method  

[49] can be applied to cylindrical or spherical pore geometries. Pore volumes are assessed 

using a single-point measurement close to the saturation vapour pressure by converting the 

adsorbed quantity of the gas to the corresponding volume of liquid nitrogen at 77 K.    
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Figure 7 Classification of the different types of isotherms and hysteresis loops 

 

Limitations: the technique is mainly suitable for the investigation of materials containing 

micro- and mesopores. The measurements supply information on a macroscopic level that 

is interpreted on a molecular level using classifications and interpretations based on 

different models and equations, which are often underestimate the real pore size of the 

porous matter.  

 

3.2.2. Spectroscopic measurements 

 

3.2.2.1. X-ray-based techniques 

X-ray diffraction techniques can be applied for various purposes ranging from primary 

sample identification to complex structure determination. The information obtained by this 

family of techniques gives a robust image of crystallographic structure and chemical 

composition. These non-destructive techniques are based on the measurement of the 
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intensity of the scattered X-ray as a function of the angle between incident and scattered 

radiation, wavelength or energy as expressed according to Bragg´s law: 

Θ= sin2dnλ ,                  (2) 

where n is an integer, d is the distance between the lattice planes and Θ is the angle 

between the incident and scattered beam. X-rays of the incident beam can interact 

elastically with the electron cloud of the atoms of a material. These elastically diffracted 

waves from different atoms interfere either constructively or destructively resulting in a 

diffraction pattern, in which the intensities and position are directly related to atomic 

distribution and atom-atom distances, respectively. Powder diffraction (PXRD), therefore, 

allows the investigation of multi-component phases, the resulting scattering pattern, both 

the intensities and peak positions, can then be compared to database information for 

identification.   

Small Angle X-ray Scattering (SAXS) is used in case of porous materials, where the 

periodical structural features occur in the 5-100 nm range giving rise to relatively large cell 

parameters. For such materials, the few observable peaks appear as a result of pore 

ordering and are at very low 2Θ scattering angles, < 5º.  

Wide Angle X-ray Scattering (WAXS) is used above scattering angles of 5º, mainly when 

other phases are present and need to be identified. The scattering peaks obtained 

correspond to various d-spacings originating from randomly oriented crystalline domains 

of the powder. Therefore, the underlying structures and phases can be identified from the 

positions and intensities of these peaks.   

Single-crystal X-ray diffraction is used for complete structural determination of a wide 

range of crystalline structures. In this technique, the integrated intensities of the diffraction 

pattern are used to reconstruct the electron density map of the single crystal date by using 

Fourier-transform techniques.  

Limitations to porous structures: In powder XRD very smooth surface is needed, which is 

difficult to obtain in the case of large grain sizes. In order to decrease the size of the 

particles, grinding is needed and this might destroy the sample itself. In case of 

mesostructured materials, only few higher-order peaks are present in the diffractrograms. 

This makes it difficult to define the internal structure without the aid of additional methods 

of characterization.  
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3.2.2.2. Raman spectroscopy 

Raman spectroscopy is based on inelastic scattering of monochromatic light rendering a 

spectral fingerprint, by which molecular units can be identified. As the sample is 

illuminated by a laser, photons are emitted during relaxation shifting the emitted photon 

frequency up (Anti-Stokes) or down (Stokes) in comparison with the excitation wavelength. 

This shift provides information about vibrational, rotational and other low-frequency 

transitions within the system. The Raman technique is adequate for both qualitative and 

quantitative analysis, also for multi-component mixtures.  

Limitiation in porous matter containing fluorophores, as seen in Paper III: If fluorescence 

is generated by the laser radiation, it is much more intense than the peaks from Raman 

scattering hiding the main spectral features, thus limiting detailed chemical identification 

or concentration determination. 

 

3.2.2.3. Fluorescence spectroscopy 

Fluorescence is a spectrochemical method providing emission spectra with both qualitative 

and quantitative information. The idea of the phenomena is similar to that of Raman 

scattering, but in the case of fluorescence the incident light is fully absorbed and the 

excited can relax to various lower energy states involving resonance lifetimes typically 

longer than 10-9 s. In a typical experiment, the excitation wavelength is held constant and 

the emission peaks corresponding to different wavelengths of the fluorescent light are 

detected.  

Limitations: Fluorescence spectroscopy is suitable for concentration determination only at 

low fluorophore concentrations, where the appearing peak intensities are proportional to 

the amount of fluorescent species present. In porous materials incorporated with lanthanoid 

species, the number of fluorescent centers and their interactions can not be controlled.  

 

3.2.2.4. Nuclear magnetic resonance spectroscopy (NMR) 

NMR is a non-destructive spectroscopic method allowing detailed information about 

chemical, topological, dynamical and structural characteristics within a chemical system in 

either liquid or solid state. When an isotope with a magnetic nucleus, such as 1H and 13C 

 26 



with a nuclear spin of ½, interacts with the applied external magnetic field, the degeneracy 

of the two spin states is lifted. This energy difference is directly proportional to the 

strength of the magnetic field applied corresponding to the radio frequency (RF) of the EM 

spectrum. Each nuclei re-emits RF radiation at their resonance frequencies creating an 

interference pattern called as a free-induction-decay (FID), from which information 

regarding to chemical environment of given nuclei can be extracted by a Fourier transform. 

The chemical environment for different nuclei creates different local magnetic fields 

resulting in different chemical shifts by which the whole NMR spectrum is analyzed and 

eventually a precise chemical structure can be determined.   

Limitations: Many interesting systems are difficult to study because of quadrupolar nuclei 

or paramagnetic properties, for instance the lanthanoid systems studied in Paper I. 

 

3.2.3. Microscopy techniques 

 

3.2.3.1. Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) is based on the same idea as optical microscopy 

aiming to supply a detailed image of materials in the sub-micrometer region with a 

resolution of 0.2 nm. In TEM, a high-energy electron beam (> 100 kV) is passed through a 

very thin electron-transparent sample and a magnified image is formed, which is projected 

onto a fluorescent screen or a CCD camera by using a set of electromagnetic lenses.   

As electrons interact with matter nearly 104 times stronger than X-ray photons, it is 

possible to obtain structure information of a crystal of nm size, that would not be large 

enough to provide sufficient infromation using X-rays. In the resulting TEM image, denser 

areas and areas containing heavier elements appear darker due to increased scattering of 

the electrons, and scattering from crystal planes results in additional diffraction contrasts. 

Hence, from a micrograph individual crystal properties and crystal defects, as well as 

component identification with an insight into the atomic arrangement can be obtained.  

Limitations: The order and structure of mesoporous materials are extremely sensitive to 

preparation conditions. Hence, most of them often contain intergrowths (domains) and/or 
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local fluctuations. While XRD provides the structural characteristics of the bulk material, 

TEM is used to supply essential information only about local details of the materials. 

Additionally, thick samples or samples consisting of different layers are also difficult to 

investigate and the high operating voltage often causes radiation damages.    

 

3.2.3.2. Scanning electron microscopy (SEM) 

In contrast to the previously mentioned methods, SEM is to study specimen topology and 

morphology. The high-energy electron beam scans the surface, and the secondary scattered 

electrons (inelastical emitted electrons) are detected in order to image the surface 

characteristics. This technique provides both high spatial resolution and depth of field. In 

addition, the technique operates at low accelerating voltages reducing severe radiation 

sample damage. Electrical conductivity and electrical grounding of the specimen are 

essential for successful imaging and for optimal surface and signal resolution. In the case 

of insulating materials, a thin coating layer of a conducting material, mainly gold and other 

metals or carbon, is deposited onto the specimen surface to prevent charging.  

Qualitative and accurate quantitative elemental analysis can be performed using EDS 

(Energy Dispersive X-ray Spectroscopy) associated with either of the electron microscopy 

techniques mentioned. The primary electron beam ejects inner shell electrons of the atoms 

in the exposed sample, and during relaxation element-characteristic X-rays are emitted and 

the resulting X-ray spectrum can be analyzed. By calibration, both element identification 

and reasonably accurate element composition can be derived.   

Limitation of SEM in the case of porous materials is loosing detailed information about 

fine structure when coating is needed as a result of clustering effects of the metal-particles.    
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3.2.4. Other analytical techniques 

 

3.2.4.1. Thermogravimetric analysis (TGA) 

Thermal gravimetric analysis (TGA) measures the weight loss of a material investigated as 

a function of temperature of time to determine thermal degradation, hence chemical 

composition in air or nitrogen atmosphere.  

Limitation of this technique is that it is difficult to precisely judge which component 

decomposed at a given temperature span.  

 

3.2.4.2. Cyclic voltammetry (CV) 

Cyclic voltammetry is generally used to acquire qualitative information about 

electrochemical properties of redox active species displaying a reversible wave. In a 

typical experiment, the working electrode´s potential is measured relative to a reference 

electrode (RE) and cycled linearly between two potential values at which the oxidation and 

the reduction occur. Actual current flows scanned between the working electrode (WE) 

and the counter electrode (CE) resulting in a potential-current cyclic voltammogram, 

which can be widely used in numerous applications, such as understanding redox and 

mechanistic behaviour in chemical reacions, polymer and organometallic chemistry. 

Limitation of CV: since the measurements are performed in solution, only solvents that 

have no redox-behaviour within the potential-range investigated for the electro-active 

species can be employed.      
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Table 2. Characterization methods used in the study 

 

                                    PAPER 

 I II III IV V VI 

Nitrogen physisorption  + + +  + 

WAXS  +    + 

SAXS    +   

Single-crystal XRD +      

Raman spectroscopy   +    

Fluorescence spectroscopy  + +    

NMR +      

TEM  + + +   

SEM     + + 

TGA      + 

CV     + + 
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4. KEY RESULTS AND FINDINGS 

 
This section of my thesis describes the most important results of my work moving from the 

synthesis and characterization of new types of materials; organometallic lanthanide-

complexes, mesoporous silica and carbon materials; towards their application in fuel-cells 

and solar-cells.   

 

4.1. MATERIAL SYNTHESIS 

 

4.1.1 [Ln(η6-arene)(GaX4)3] complexes, arene exchange, Paper I 

My first paper focused on the synthesis and characterization of mononuclear η6-arene 

organometallic complexes of positively charged lanthanide ions (YbIII, CeIII, DyIII) 

coordinated to neutral arene donor ligands. In this work the main focus was the 

unambiguous structural authentication of the complexes by single crystal X-ray diffraction 

and NMR spectroscopic measurements, the novel aspects of the preparation as well as their 

arene exchange properties and reactivity.  

Arene complexes of f-block elements (Ln) have been widely investigated in the last two 

decades dividing the range of rare-earth organometallics into two groups: (1) monoarene 

and (2) bisarene complexes [50], where the lanthanides are present in the +3 to 0 formal 

oxidation states [51-54]. One of the simplest and most effective routes of preparing 

monoarene-complexes coordinating the arene ligand to the metal centre in a η6 mode is the 

direct reaction of aluminium(III) halides with a lanthanide halide in an aromatic solvent 

[52, 55-57]. As reducing agent, additional aluminium metal might be used in some cases.  

Arene solutions of gallium(III) halides were found to be very effective systems for the 

preparation of  transition-metal arene complexes yielding a vast range of low-valent Pt and 

Pd complexes supported by metal-metal bond formations [58]. In these cases the gallium-

halide acts as an acceptor of the halide atoms, as well as facilitating the reduction process 

of the halide of the d-block element; most probably via an oxidation of the arenes.    
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Combining the two synthetic approaches mentioned was used to extend the idea to the 

chemistry of f-block elements, synthesizing and characterizing new lanthanide-arene 

complexes. The investigated one-step synthesis allowed us to isolate novel structures in 

high yields (20-46%), later shown to be useful starting materials in the construction of 

more sophisticated complex structures of f-block compounds. 

Heating LnX3 (Ln = Ce3+, Yb3+, Dy3+ and X = Cl-, Br-) with an excess of the corresponding 

GaX3 in toluene or p-xylene leads to the formation of a mononuclear lanthanide complex 

with the general formula [Ln(η6-arene)(GaX4)3]. In general, the arrangement of the ligands 

around the lanthanide centre can be described in terms of a pentagonal bipyramid, with the 

arene and a chlorine in apical positions. Figure 8 represents the molecular structures of the 

complexes in the case of Yb and Dy with different arene ligands (p-xylene and toluene 

respectively) coordinated in a η6 manner. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8. Molecular structures of (a) [Yb(η6-p-xylene)(GaCl4)3]; (b) [Dy(η6-toluene)(GaBr4)3]  

 

 

In order to investigate the chemical behaviour of the monoarene complexes, substitution of 

the arene ligands by polycyclic aromatic hydrocarbons (PAHs) was performed, as seen in 

Figure 9. It is worth noting, that the direct use of PAHs in the reaction between LnX3 and 

GaX3 is restricted by the high Lewis acidity of GaX3. Choosing the right solvent, 
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preferably one with electron-acceptor groups attached to the arene ring effectively 

decreasing the coordination ability of the solvent arene to the metal-center, was also 

essential. Heating [Ce(η6-toluene)(GaCl4)3] in the presence of naphthalene (molar ratio 

1:9) and 1,2,4-trichlorobenzene led to the formation of the mononuclear 

[Ce(naphtalene)(GaCl4)3] complex. A similar exchange reaction takes place with reacting 

[Ce(η6-toluene)(GaCl4)3] in excess pyrene yielding a compound with the composition 

[Ce(pyrene)(GaCl4)3]·0.5(pyrene). In both the naphthalene and pyrene complexes the 

polycyclic aromatic rings are coordinated to the lanthanide metal in a η6 mode through one 

benzene ring resulting in almost identical interatomic Ln-C distances.  These new 

structures formed are the first f-block complexes in which neutral naphthalene and pyrene 

ligands are coordinated to lanthanide center.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 9. Molecular structures of the compounds (a) [Ce(naphtalene)(GaCl4)3]; (b) [Ce(pyrene)(GaCl4)3]  

 

 

Moreover, the [Ce(pyrene)(GaCl4)3] structure contains a solvate pyrene molecule 

positioned in between two lanthanide-containing units interacting by π-π interactions, see 

Figure 10.   
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Figure 10. Two adjacent [Ce(pyrene)(GaCl4)3] molecules sandwiching a solvate pyrene in the crystal 

structure of [Ce(pyrene)(GaCl4)3]  

 

4.1.2. Incorporation of [Ln(η6-arene)(GaX4)3] into silica, Paper II and III 

Pore size tuneability in principle determines the possible applications of mesoporous solids. 

Materials with porosity in the lower range of the mesopores (2-10 nm) are useful in 

applications where the loading of small molecules is required [59], whereas porous matrix 

with large porosity (20-50 nm) is mainly designed for incorporating large molecules, such 

as polymers or biomolecules [60].  

Numerous articles have been published on the characterization and potential applications 

of ordered mesoporous silica solids of the lower range [61], but materials possessing 

ordered pore structures above 10 nm are rarely documented [62]. The addition of a 

swelling agent during synthesis has the ability to increase the pore size even into the 

macroporous range, but these materials typically consist of randomly distributed large 

cellular or polyhedral pores [63].  

In my work two different types of mesoporous silica materials (1) MCM-41 with a two-

dimensional (symmetry p6mm) mesostructure of 3-4 nm pore size and (2) PNF-SiO2 
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polyhedral nanofoam with 33 and 95 nm bimodal porosity were investigated as stabilizing 

matrices for different lanthanide-arene complexes. Characterization by SEM, TEM, XRD, 

N2-physisorption clearly proves that the framework structure of both pristine silica are 

preserved after embedding the organometallic complexes and the metal particles were 

evenly distributed on the surface of the inorganic matrix. Their fluorescence behaviour 

suggests that the incorporation of the lanthanide complexes into the internal porosity of the 

silica matrices takes place without changing the microenvironment around the lanthanide 

centre, simultaneously enhancing the rare-earth ions fluorescence performance. The results 

from these studies are discussed in the followings. 

 

4.1.2.1. MCM-41 and PNF-SiO2 prepared using CTAB and P123 Pluronic 

Synthesis of nanostructured materials utilizing templating surfactants is an interesting 

system, since small changes in the preparation parameters can lead to a vast range of 

diverse structures. The overall reaction that occurs during mesoporous crystal formation is 

greatly dependant on numerous variables, such as surfactant type, water content, pH, 

hydrolysis rate during the sol-gel process, temperature as well as incorporation of swelling 

agents into the templating polymer colloid micelles. During my work CTAB cationic 

surfactant and P123 polymer surfactant swelled with mesitylene were used as templates in 

the formation of mesoporous silica solids. Incorporation of [Ln(η6-arene)(GaX4)3] 

complexes into the porous MCM-41 silica and [Dy(η6-p-xylene)(GaCl4)3] into PNF-SiO2 

polyhedral silica foam matrices was performed via the wet impregnation method (WI) 

under dry nitrogen atmosphere [64].   

 

4.1.2.2. Similarities and differences, Ln-MCM-41 and Dy-PNF-SiO2  

TEM images and XRD scattering patterns confirm that the whole silica framework 

structure is retained after rare-earth metal dispersion, as expected from the robust and 

stable silica host character. The XRD scattering patterns of the pristine MCM-41 and the 

Ln-complex loaded MCM-41 silica samples are shown in Figure 11A. These patterns 

exhibit a very strong d100 reflection near the 2.3-2.5º range on the 2Θ scale revealing high-
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pore symmetry materials with pores of about 3.9 nm. The additional peaks, d110, d200 and 

d210, are attributed to the 2D hexagonal symmetry. A comparison of the scattering traces of 

the complex-incorporated samples to that of MCM-41 confirms that the rare-earth metal 

dispersion into the original porous silica framework occurs without pore blocking. The 

SAXS diffraction patterns of the unloaded and loaded PNF-SiO2 foams are shown in 

Figure 11B. Both the empty and the incorporated foams are bimodal owing two sets of 

foam cells, therefore showing one primary peak for each set and one secondary peak for 

the larger set of foams. Taking the peak positions into account, the pore sizes of the 

different sets of foams were calculated showing a characteristic d-space ratio of primary to 

secondary peaks of 1.78 (1.7-1.8 in foams [63]).   

TEM images reveal the ordered 2D-hexagonal arrays in both the pure MCM-41 and the 

incorporated samples, as well as the uniform-sized, disordered arrays in samples 

containing polyhedral foam cells, as seen in Figures 12a and 12b. The contrast difference 

was greater in the case of MCM-41 samples. In order to confirm the presence of the 

lanthanide-complex inside the silica foam matrix, elemental analysis was performed and 

the corresponding silicon/oxygen/dysprosium/gallium ratios were compared, see Figure 13. 

This supports the expectation that the lanthanide-complex is bound to the silica surface and 

is not present as unattached guests within the pore structure.    
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Figure 11. (A) XRD diffraction patterns of pristine MCM-41 silica (a) and Ln-complex loaded MCM-41 

materials (b)-(f); (B) SAXS pattern of Dy-complex incorporated sample compared to that of the pure PNF-

SiO2 foam. For interpretation of references to (b)-(f) in this figure legend, section “Results and discussion” of 

Paper II  is referred 
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Figure 12. TEM images of lanthanide-complex loaded (a) MCM-41 hexagonal silica and (b) PNF-SiO2 foam  
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Figure 13. Electron microscopic image and line mapping of  [Dy(η6-p-xylene)(GaCl4)3] embedded in the 

PNF-SiO2 foam with respect to (a) oxygen, (b) silicon, (c) dysprosium and (d) gallium 
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Nitrogen sorption measurements further confirm the retention of the mesoporous structure 

in both the MCM-41 and PNF-SiO2 solids after rare-earth complex embedment. Typical 

type IV isotherms of the investigated porous silica solids are displayed in Figure 14, and 

changes in pore parameters for several representative Ln-MCM-41 samples are listed in 

Table 3.  
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Figure 14. Nitrogen physisorption isotherms for (A) pristine MCM-41 silica (a), [Ln(η6-arene)(GaX4)3] 

complex incorporated solids (b)-(f) and (B) pure PNF-SiO2 silica and [Dy(η6-p-xylene)(GaCl4)3]-embedded 

foam. The pure samples are black, while the loaded samples are blue. For interpretation of references to (b)-

(f) in this figure legend, section “Results and discussion” of Paper II  is referred 
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The calculation of specific surface areas was based on the Brunauer-Emmett-Teller (BET) 

method [47], while the pore-size distributions were determined according to the Barrett-

Joyner-Halenda (BJH) method [48] for MCM-41 samples and to the Broekhoff-de Boer 

Frenkel-Halsey-Hill (BdB-FHH) method [49] for PNF-SiO2 foam samples, respectively. 

Desorption pore size distributions monitoring the mesoporous window sizes between 

adjacent polyhedral cells for both PNF-SiO2 and Dy-PNF-SiO2 foams are shown in Figure 

15. 
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Figure 15. Nitrogen desorption pore size distributions for the unloaded (■) and the Dy-complex loaded  (▲) 

PNF-SiO2 foams indicating a 12 nm window size between the smaller and a 16 nm window size between the 

larger foam cells. Upon Dy-complex embedment, the window sizes remain intact 

 

 

Table 3. Pore structure parameters for pure and Ln-loaded MCM-41 samples 

 
Sample BET surface area 

(m2/g) 

Pore volume 

(cm3/g) 

BJH pore diameter 

(nm) 

Thickness of pore wall 

(nm) 

MCM-41 923.4 0.90 3.93 0.68 

Ce-x1/M 319.7 0.27 3.33 1.22 

Dy-t2/M 322.7 0.26 3.25 1.32 

Ce-t1/M 351.6 0.23 3.03 1.55 

Yb-c1/M 313.5 0.27 3.26 1.29 
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For fluorescence measurements, emission spectrum of crystalline [Ce(η6-toluene)(GaCl4)3] 

and [Dy(η6-p-xylene)(GaCl4)3] complexes were measured, analyzed and compared to those 

of the incorporated MCM-41 and PNF-SiO2 porous silicas (Figure 16). All samples 

investigated show strong blue and yellow emissive property characteristics for the studied 

metals; Dy3+ with emission maxima located at around 481 and 572 nm under a 

corresponding excitation wavelength attributed to 4F9/2 → 6H15/2 and 4F9/2 → 6H13/2 

transitions. The Ce3+-containing samples show maximum emission energies at around 494 

and 595 nm using two different excitation wavelengths. The relative intensities of the blue 

and yellow emission lines were then compared (Table 4) suggesting that incorporation of 

Ln-complexes into silica matrix enhances fluorescence performance of the metal-ion by 

quenching the radiation-less relaxation observed in the pure crystalline material. From the 

positions of the peaks we could conclude that anchoring the rare-earth organometallic has 

no or very little effect on the microenvironment around the ion centre.         

 

 

Table 4. Luminescence of [Dy(η6-p-xylene)(GaCl4)3] in different environment 

 
[Dy(η6-p-xylene)(GaCl4)3] Relative yellow to blue emission intensities (a.u.) Excitation wavelength (nm) 

Pure crystal for MCM-41 3.2 (572/480 nm) 309 

Loaded MCM-41 1.5 (575/481 nm)  309 

Pure crystal for PNF-SiO2 5.2 (572/480 nm)  353 

Loaded silica PNF-SiO2 1.7 (571/482 nm) 293 
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Figure 16. Emission spectra of (a) crystalline [Dy(η6-p-xylene)(GaCl4)3] (b) [Dy(η6-p-xylene)(GaCl4)3] 

complex-loaded PNF-SiO2 under λexc = 353 and 293 nm, respectively; and (c) comparison of emission peak 

intensities (around 493 nm) of crystalline [Ce(η6-toluene)(GaCl4)3] complex (blue) with that of the Ce-

complex incorporated MCM-41 silica (black) 

 

 

 

The incorporation studies unambiguously show that ordered MCM-41 mesoporous silica 

with 2D-hexagonal arrays, as well as PNF-SiO2 exhibiting disordered porous structure of 

foam cells connected through mesosized windows are excellent candidates for stabilizing 

metal-complexes of the [Ln(η6-arene)(GaX4)3] formula. Upon anchoring the 

organometallic molecules, neither the microenvironment of the rare-earth center nor the 

inorganic framework structures appear to change significantly. Wet impregnation supplied 

a useful route of preparation for ensuring metal-complex distribution in the host.    
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4.1.3. Polyhedral carbon foams, Paper IV 

Porous carbon materials have been used for thousands of years for their advantageous 

properties, such as inertness, high mechanical stability, relatively large specific pore 

volume and high surface area [65]. Hard-templated ordered mesoporous carbons, like their 

silica equivalents, have translational symmetries, but in addition they also offer better 

hydrothermal as well as alkaline stability. Mesoporous carbon materials have proved to be 

great candidates for a wide range of application, such as separation and adsorption, 

electrode materials, catalyst supports, nanocomposites and more. Recent advances in 

industrial technologies put requirements on developing novel porous carbons possessing 

large pore volumes and high specific surface area, as well as pores of well defined shapes 

and size. Many studies focus on the investigation of the effect of template structures, 

carbon sources, and carbonization conditions on the outcome of the mesoporous carbon 

structures formed. Numerous porous carbons with different symmetries have been 

replicated using an inorganic templating silica matrix, and various carbon sources were 

tested under specific conditions to generate carbons with hollow or filled structures [66, 

67].  

My work was based on investigations into the understanding of the effect of filling 

fractions of the carbon precursor, systematically varied between 50-100 % relative to the 

internal silica pore volume, and the effects on the formation of the internal porosity of 

PNC´s formed. Preparation of two new types of porous polyhedral carbon materials 

through hard templating of polyhedral silica nanofoams (PNF-SiO2) was performed and 

investigated: (1) a carbon polyhedral foam with polyhedral and slit-like cells that is a 

perfect replica of the starting silica framework obtained either at low filling fractions or by 

direct carbonization of the swollen polymer micelle within the silica structure and (2) an 

inverse carbon foam formed at high filling fractions possessing exclusively slit-like 

porosity.   

TEM imaging and N2 adsorption/desorption experiments assisted a deeper understanding 

of pore structure and connectivity within the polyhedral carbon materials.   

TEM images, as shown in Figure 17, clearly show that the carbon framework preparation 

of the No. (1) type described above results in open-structured, double walled PNF-C´s. 

Instead, in the case of complete pore filling of the original silica cells isolated, close-
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packed carbon-filled polyhedral cells are formed and held together by carbon struts 

originating from the filling of the windows in between adjacent foam cells. All samples 

display type IV isotherms, according to IUPAC classification. H2/H4 hybrid hysteresis 

was observed for PNF-C´s of low carbon-filling successively moving towards H3/H4 

hysteresis type as the filling fraction increased. H4 hysteresis is typical for materials 

containing slit-like pores, which in the case of carbons results from the dissolution of the 

original silica walls. In general, assigning any of the observed isotherms to a single 

hysteresis type meets difficulties due to heterogenous pore shapes and complex pore-

network topologies of the carbon materials.      
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Figure 17. TEM images of (a) carbon foams made by 50% filling fraction displaying double-walled Plateau 

junctions and (b) inverse foam prepared by 100% filling fraction presenting polyhedral carbon-filled 

polyhedral cells 

 

 

Table 6 contains key N2 physisorption pore parameters for the templating silica and the 

carbon foams prepared using furfuryl alcohol as carbon source. During carbon wall 

thickening the overall wall density reduces, probably due to a relatively denser initial 

carbon filling of the micro- and mesopores in the wall of the pristine silica foam. This 

result was confirmed by wide-angle XRD as well, see Paper IV. 
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Figure 18. Nitrogen sorption isotherms of (a) carbon foam PNF-C50 and (b) inverse carbon foam PNF-C100. 

For exact description of sample abbreviation, see Results and discussion section in Paper IV 

 

 

Table 5. Physical properties of the polyhedral template silica and carbon foams prepared 

by furfuryl alcohol infiltration 

 

Sample TEM N2-adsorption* SAXS** Ads. pore 

Volume 

BET surface 

area 

 cell size (nm) pore size (nm) cell size (nm) (cm3 g-1) (m2 g-1) 

PNF-SiO2 37 40 41 2.49 1007 

PNF-C50 31 34 35 1.01 644 

PNF-C60 31 33 34 1.13 713 

PNF-C70 31 33 34 1.33 825 

PNF-C80 30 3.7c, 5.3s 33 0.57 588 

PNF-C90 29 3.7c ,5.3s 33 0.51 517 

PNF-C100 - 3.7c, 5.2s 34 0.58 495 

 

(* the existing pores assumed to be “c” cylinders or “s” spheres) 

(** determined by applying a multiplying factor of 1.3 to the respective d-spacing corresponding to the main 

maxima in the SAXS pattern, for more details see [63]) 

 

 

The most striking features of SAXS scattering patterns, shown in Figure 19, are the 

presence of intensity maxima in the range q = 0.2-0.3 arising from randomly close-packed 

primary foam cells with monomodal distributions. Additionally, less intense two to three 

secondary peaks are also observed at larger q-values for all porous carbon solids studied. 
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The relative intensities of the primary peaks to secondary peak positions for all carbon 

samples were approximately constant lying in the range of 1.7-1.8 [4, 63] that together 

with the similarities in peak positions strongly indicate that the scattering arises from 

carbon frameworks being very similar to that of the template PNF-SiO2 silica preserving 

the original structure after the nanocasting procedure.  
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Figure 19. SAXS scattering pattern for PNF-SiO2 (grey), PNF-C50 (green), PNF-C60 (black), PNF-C70 

(blue), PNF-C80 (red), PNF-C90 (orange) and PNF-C100 (brown) 

 

 

In order to investigate if the gross features of the SAXS patterns could be explained by a 

simple model, the form factor scattering amplitude F2(q) was calculated and compared to 

the experimental I(q) values. For the sake of simplicity, any particular polyhedral foam cell 

was modeled using a core-shell model consisting of a spherical shell of silica and a shell of 

carbon. Further information about modeling is found in Paper IV, Appendix A. Figure 20a 

shows the set of I(q) scattering maxima of the observed SAXS data for the different PNF-

C´s after background subtractions. Figure 20b shows the calculated F2(q) curves.  
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Figure 20. Experimental I(q) values versus q data after background subtraction (a) compared to model F2(q) 

versus q for carbons PNF-C50 (green), PNF-C60 (black), PNF-C70 (blue), PNF-C80 (red), PNF-C90 

(orange) and PNF-C100 (brown) 

 

 

The set of model curves both quantitatively and qualitatively describes the observed data, 

since the filling fraction is in the context of the furfuryl alcohol volume infiltrated into the 

pores, not carbon content; and the model also predicts a scattering maximum value 

between low and full filling corresponding to the experimental I(q) scattering. For 

comparison, the observed maxima and model maxima as a function of fill level (Figure 21) 

was plotted after adjusting the filling fraction by approximately 10% on account of the ca. 

10% increase in carbon density, that is in the adjusted range of 40-90%.    

The relative height of silica peak compared to the carbon peak in the experiments versus 

the model calculated for PNF-C50 indicates a loss of spatial order during conversion from 

silica to carbon probably due to non-homogenous carbon distributions in the partially filled 

system investigated.  
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Figure 21. Experimental I(q) (red) and model F2(q) (black) versus polymerized furfuryl alcohol filling 
fractions 
 

 

In general, the two most stable states of PNF-C´s are the relatively thin-walled state and 

the fully filled state. In the case of 80% and 90% filling fractions the cells are somewhat 

distorted indicating partial, asymmetric filling or overall deformation as a result of pore 

shrinkage due to dominating intermolecular attractive forces of furfuryl alcohol molecules 

over the attractive forces between furfuryl alcohol molecules and the silica wall.    

 
 

4.2. APPLICATIONS OF PNF-C´s  

 

Carbon nanotubes, mesoporous carbons and fullerenes comprise new types of nanoporous 

carbons with properties significantly differing from those of other types of carbon; such as 

traditional microporous carbons including carbon black or activated carbon. The ability to 

custom synthesize functionalized carbon nanotubes, ordered mesoporous frameworks and 

open-structured nanofoams of diverse pore dimensions [68, 69] has opened up new 

avenues to design high surface area catalyst materials and supports for electrochemical and 

photochemical devices. Mesoporous carbons can assist catalytic processes by directly 
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participating in the charge transfer process due to properties, such as electrical conductivity, 

variation of possible pore morphology and interconnectivity. Moreover, their high thermal 

and chemical stability together with unique electrical properties make these material 

assemblies suitable to be utilized as, for example, electrode materials in energy conversion 

devices, such as fuel cells and solar cells.  

In the case of dye-sensitized solar cells, the solar energy is collected by dye molecules 

commonly adsorbed to porous layers of wide-bandgap semiconductors. The dyes inject 

electrons into the conduction band of the electrode and are later reduced back to their 

respective ground states by accepting electrons from the counter electrode of the 

photoelectrochemical cell through an I-/I3
- redox electrolyte. 

Replacement of the expensive, but commonly, used Pt electrocatalyst by an efficient low-

cost carbon alternative has long been an area of intense research utilizing various carbon 

materials. Mesoporous carbon materials with 3D-interconnected frameworks have the 

potential to promote low charge-transfer resistance and high energy conversion efficiency 

by supporting the diffusion of redox species within the system porosity, as well as by 

offering catalytic sites for triiodide reduction. 

In PEM fuel cells, finding novel carbon structures with easily accessible surfaces and sites 

for the metal catalyst and the ionomer, and simultaneously support efficient diffusion of 

the molecules involved in the reactions, is crucial for advancing this technology. 

Decreasing the amount of precious Pt metal in the electrode catalysts has long been a main 

interest. Introducing carbon structures with well developed 3D-interconnected and 

tuneable mesoporosity with high surface area and relatively large pore volumes has opened 

a new page in fuel cell application. Utilizing the advantageous pore morphology and wall 

structure of the carbon support, working electrodes with 10% Pt-loading could be 

envisaged without losing cell performance.  

 

4.2.1. PNF-C as counter electrodes 

A mixture of two different types of mesoporous polyhedral carbons, a carbon foam and an 

inverse foam, were used for counter electrode preparation in solar cell application. The cell 

performance obtained was determined by I/V-measurements (Figure 22), impedance 
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spectroscopy (IS) and cyclic voltammetry (CV) and compared to those with a reference 

carbon electrode based on a mixture of microporous carbons and with a platinized 

transparent conducting (TCO) oxide electrode as well.  
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Figure 22. IV-characteristics of the (a) platinized TCO, (b) carbon nanofoam and (c) standard carbon counter 

electrodes 
 

Counter electrodes based on nanofoams showed an overall light efficiency nearly three 

times higher than that based on standard carbon materials. They displayed relatively low 

charge-transfer resistance, but cyclic voltammetry showed foams to have a relatively low 

exchange current, most likely due to mass transport limiting internal pore blockages. These 

could be due to relatively small pores between foam cells or the presence of closed pores 

and pore systems. Optimization of the carbon nanofoam electrodes by tuning the cell 

architecture in the original silica template is likely to offer better performance. In addition, 

the formulation of pastes of these particles with polymers may also place mass transport 

restrictions. The ability to tune pores in these foams and the finding that the PNF-C’s have 

about three times less resistance than platinized FTO and act as very high surface area 

catalytic exchange surfaces is encouraging for future work. 
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4.2.2. PNF-C in working electrodes 

Three polyhedral carbon nanofoams of different pore size distributions in the range 25-55 

nm were studied in PEM fuel cell application and compared with a commercial Vulcan 

catalyst. Pt deposition was carried out by applying the modified polyol synthesis method 

resulting in uniformly dispersed Pt particles with a mean diameter around 3.5 nm. TEM 

images of the depositions are shown in Figure 23. The carbon-foam supported Pt catalyst 

materials are abbreviated as Pt/ALCX (X = 1, 4, 7 referring to different pore-size 

materials).  
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Figure 23. TEM images of Pt deposited on PNF-C´s (a) Pt/ALC1, (b) Pt/ALC4, (c) Pt/ALC7 and (d) 

Pt/Vulcan. Further information regarding Pt-particle sizes, see Paper VI, Table 1 
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Electrochemical impedance spetroscopy (EIS) in oxygen and nitrogen atmosphere was 

used to study the ion transport properties and capacitance; redox reactions were followed 

by CV at 25 and 80°C and polarization curves were recorded in order to estimate the 

overall performance in atmospheres of oxygen and air.  

Comparing the two best performing electrodes, Pt/ALC4 and Pt/Vulcan, PEM fuel cell 

operating with the nanofoam showed better performance over the entire current density 

range in the polarization curves, as shown in Figure 24. The much higher porosity and the 

interconnected 3D framework structure of the foam assured less mass-transport inhibition 

than Vulcan. Despite the lack of optimization of the Nafion content and the homogenous 

ionomer distribution, polyhedral carbon nanofoam has proved to be a good candidate for 

fuel-cell applications in working electrodes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 24. iR corrected polarization curves for different Pt/carbon materials in oxygen atmosphere 
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6. FUTURE OUTLOOK 

 
This work has uncovered several lines of enquiry that may prove useful in understanding 

both fundamental and technological aspects of polyhedral carbon foams. 

Specifically, further study is recommended on fundamental aspects of the polyhedral 

nanofoam synthesis, structure and materials properties and on fine-tuning their 

performance in PEM fuel cells. Repeatable, high-yield synthesis of polyhedral carbon 

nanofoams (PNF-C’s) makes these suitable to characterize using a wide variety of 

contemporary experimental and modeling methods. Additional research on the 

introduction of ionomers into PNF-C internal pores will probably be very useful, given the 

findings in this work. Also in respect to fuel-cell performance, continued benchmarking is 

recommended against standards, such as the Vulcan product. 

 

Tests to verify if the optimization of ionomer content, distribution and loading process, 

leads to increased cell performance is a reasonably straightforward next step. Further 

improvement of the Pt particle properties and their loading could also give significant 

gains in performance by increasing the active catalyst surface area. For this, deposition 

routes and stabilization methods counteracting Pt-metal particle aggregation and, at the 

same time, enable favourable surface interaction between the metal catalyst particles and 

the carbon inner walls. Changes in wall thickness of the carbon material and in electric 

conduction properties could be tuned by varying the amount of carbon and its degree of 

graphitization during synthesis. These parameters are probably also significant factors for 

increased fuel-cell performance and may also be important in lifetime considerations.  

 

The performance of counter electrodes in solar cells is highly dependent on the catalyst 

layer thickness, its pore geometry and topology, wall density, electronic conductivity 

amongst other properties. Thinner catalyst layers supporting a more efficient mass 

transport would facilitate increased cell performance. Finding and testing the most 

advantageous carbon-foam type with well-defined pore size, pore morphology 

(surface/volume ratio, connectivity), as well as favorable wall type (amorphous versus 

crystalline) are worth further consideration. 
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