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Abstract 

 

In the present work template-assisted electrodeposition was used to produce highly ordered 

macro- and mesoporous electrodes. Colloidal crystals obtained by the Langmuir-Blodgett (LB) 

technique were infiltrated using potentiostatic electrodeposition of metals and conducting 

polymers followed by removal of the inorganic template. In the resulting macroporous electrodes, 

the pore diameter was controlled by the size of the silica spheres, while the thickness could be 

controlled by temporal current oscillations caused by a periodic change of the electroactive area 

in the template. Various colloidal superstructures were produced in this way leading to electrodes 

with on purpose integrated planar defects or well-defined gradients in terms of pore size. 

Furthermore we showed that alternating multilayers of different metals could be deposited with 

high accuracy into a colloidal monolayer altering the optical properties of the material. Successful 

miniaturization of the process was demonstrated by elaborating macroporous gold microcylinders 

showing besides higher active surface areas also increased catalytic activity towards the reduction 

of oxygen compared to their flat homologues. In this context a miniaturized electrochemical cell 

composed of two macroporous gold electrodes was also proposed.  

Finally, mesoporous platinum films were deposited on microelectrode arrays (MEAs) using 

lyotropic liquid crystals as templates. The increased surface area of mesoporous compared to 

smooth electrodes led to improved performance in the recording of neuronal activity with MEAs 

owing to a reduced noise level.     

Keywords: Porous electrodes; Colloidal crystals; Electrocatalysis; Pore gradient; MEA; Neuronal 

recording. 

 

Resumé 

 

Dans ce travail des électrodes macro- et mesporeuses hautement organisées ont été fabriquées 

grâce à  l' électrodéposition dans différents types de template. Des cristaux colloïdaux obtenus par 

la technique de Langmuir-Blodgett ont été infiltrés par des métaux ou des polymères conducteurs 

en utilisant l'électrodéposition potentiostatique suivi par la dissolution du template. La taille des 

pores, ainsi que l'épaisseur du film macroporeux pouvaient être contrôlée respectivement par le 

diamètre des billes de silice et par des oscillations temporelles du courant. Différentes 

superstructures colloïdales ont également été produites menant à des électrodes avec des défauts 

artificiels ou des gradients bien définis en termes de taille des pores. Des couches alternantes de 

différents métaux ont été déposées avec grande précision dans une monocouche de particules 



 

entrainant une modification des propriétés optiques du matériau. La miniaturisation a pu être 

démontrée par l'élaboration des microcylindres d'or macroporeux qui disposent non seulement 

d'une plus grande surface active mais aussi d'une plus grande activité catalytique envers la 

réduction de l'oxygène en comparaison avec leurs homologues non poreux. Dans ce même contexte 

une cellule électrochimique miniaturisée composé de deux électrodes macroporeuses a été 

proposée.  

Par ailleurs du platine mesoporeux a été électrodéposé en présence d`un template de type cristaux 

liquides lyotropes sur des réseaux de microélectrodes. Grâce à une plus grande surface active par 

rapport à leurs homologues non poreux des microélectrodes mesoporeuses ont montré une 

meilleure performance dans l'enregistrement de l' activité neuronale due à un niveau de bruit plus 

faible.        

Mots de clés: Electrodes poreuses; Cristaux colloïdales; Electrocatalyse; Gradient de pore; MEA; 

enregistrement de l'activité neuronale. 
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1 Introduction 
 

Electrochemical devices occupy an important part of our life. Among the most well-known and 

broadly used electrochemical cells are batteries or fuel cells allowing to store and convert energy, 

respectively.1, 2 Electrochemical sensors allow the concentration of various biological or chemical 

species to be determined.3, 4 These are just some of the numerous examples in which 

electrochemical reactions serve for useful purposes. In many respects the characteristics of the 

electrode plays a crucial role, affecting the performance of these devices. By exchanging electrons 

with the electrolyte, the electrode is directly involved in the reaction process. Hence, specific 

electrode parameters including the size, the constituting materials and the surface properties can 

have a major effect on the global reaction scheme.  

A strategy to improve the efficiency of electrochemical setups in different fields of applications 

consists in using electrodes with a nanostructured surface.5, 6 Scaling down the characteristic 

dimensions of matter to very small scales is in many cases associated with the emergence of new 

and unprecedented properties, which cannot be obtained with macroscopic features. A good 

example for size-dependent properties in the domain of electrochemistry is the enhanced mass 

transport observed in (ultra-)microelectrodes due to the more efficient radial diffusion.7 In 

analytical measurements the use of microelectrodes allowed to increase the sensitivity and/or to 

decrease the detection limits. Furthermore they allowed to perform electrochemical 

measurements at single cells.8, 9 Improvement of the performance of macroscopic electrodes can 

be achieved by modifying their surface with particles of nanoscopic dimensions, e.g. metal 

nanoparticles or carbon nanotubes. The high surface-to-volume ratio of nanoparticles provides an 

efficient way to increase the active surface area of electrodes. Another approach for achieving the 

same goal consists in using porous electrodes.  

The concept of porous electrodes dates more than a century, as the first flow through porous 

electrode was introduced.10 Since then, many efforts have been made to develop new synthesis 

procedures allowing to control the microstructure and the organization in porous materials. In 

this regard the use of templates has proved to be particularly well-suited to generate porous 

materials with a well-defined morphology. Owing to the structure directing property of the 

different types of templates, porous materials can be produced, which are a cast of the template. 

The possibility to use a wide range of different materials for the infiltration of a template also 

makes it a very versatile method.  

Up to date various templates, which can be divided into hard and soft templates, have been 

employed to create porous films on electrodes surfaces. Hard templates include track etched or 
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anodized alumina and polycarbonate membranes, which were among the first templates that 

have been successfully used to produce nanostructured conductive films on the surface of an 

electrode.11 Furthermore also mesoporous silica membranes or colloidal microspheres assembled 

to colloidal crystals belong to this category. Examples for soft templates are surfactant molecules, 

block-copolymers, polymer gels and emulsions. The particular benefit in using templates rather 

than other nanofabrication techniques, e.g. chemical dealloying,12 resides in the high level of 

control over the microstructure in the porous material offered by the template based approach. 

In the present work highly-ordered porous electrodes will be produced using template-assisted 

electrodeposition. The main focus is on the controlled elaboration and characterisation of the 

macro- and mesoporous materials by showing also their potential applications in different fields 

including catalysis, optics and neurobiological analysis. 

At first we present different methods from the literature allowing to create colloidal crystals by 

using microspheres as the building blocks. Among these, the Langmuir-Blodgett (LB) technique 

offers specific advantages over concurrent techniques. We used LB to produce colloidal crystals, 

because the number of deposited sphere layers can be perfectly controlled in these crack-free 

templates. The optical properties of colloidal crystals are further discussed and their particular 

significance in the field of photonic crystals is pointed out. Still focusing on the optical properties 

of periodically nanostructured materials, we introduce metamaterials by illustrating the state of 

the art in terms of the fabrication and the applications of this group of materials.  

The following chapter deals with the infiltration of colloidal crystal templates using 

electrodeposition in order to generate macroporous electrodes. Therefore the different 

infiltration techniques together with the corresponding microstructures in the porous material 

are compared. We show that electrodeposition is a very suitable technique to control the filling 

level in the template and thus the thickness of the porous film on the electrode. Besides the 

characterization of the macroporous structure in the SEM, the increase of active surface area in 

the porous compared to the flat metal electrodes is determined using electrochemical techniques. 

The broad field of applications, in which macroporous electrodes can be used for, is presented in 

the last section of this chapter.  

Macroporous materials with complex pore architectures are elaborated in Chapter 4. The 

generation of a desired sphere layer stacking sequence in a colloidal template imposes a "layer-

by-layer" transfer technique like LB. Thus, we examine the possibility to create different types of 

template architectures containing on purpose integrated defect layers or gradients in term of 

sphere size. Our goal consists in producing inverse replicas of the templates by infiltrating them 

with different materials using electrochemical deposition.  
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Another aspect being covered in the next chapter of this work concerns the fabrication and the 

optical characterization of colloidal sphere monolayers, in which layers of conductive materials 

with a corresponding thickness in the subwavelength range are alternatively deposited. This 

strategy presents a new approach towards the realization of a metamaterial by electrodepositing 

multilayers of either a conducting polymer and a metal, or two different metals in a colloidal 

template. The optical properties are characterized by comparing simulated to measured data 

using reflectance spectroscopy. 

In Chapter 6 we focus on miniaturized macroporous electrodes with a cylindrical geometry. 

Instead of using planar substrates, the transfer of sphere layers and the subsequent 

electrochemical infiltration of the template is evaluated on gold microwires. Despite the multiple 

benefits of using such electrodes in confined volume for analytic or catalytic measurements, only 

very few examples exist in the literature that deal with templated microcylinders.  After the 

characterization of the active surface area and the microstructure of macroporous gold wires, we 

tested their utility for the catalytic reduction of oxygen. By depositing two different metals in a 3-

layer structure into the colloidal template, of which the central layer can be dissolved, we also 

present a strategy to develop a miniaturized electrochemical cell which is composed of 

macroporous electrodes. 

Finally, we discuss the benefits of highly ordered mesoporous films which are electrodeposited on 

the microelectrodes of microelectrode arrays (MEAs). MEAs are used in the field of neurobiology 

for the recording and stimulation of neuronal activity in electrogenic tissues. An actual trend in 

MEAs consists in miniaturizing the microelectrodes in order to increase the electrode density on 

the array and hence the available information density. However, an increased thermal noise and a 

lower charge injection during the recording and stimulation, respectively, limit the perfomance in 

MEAs when the size of the microelectrodes is reduced. A detailed overview over existing 

strategies to improve the performance of MEAs using nanostructured electrodes is presented. 

Our approach aims at overcoming existing limitations in MEAs by artificially increasing the active 

surface area of the microelectrodes. Therefore lyotropic liquid crystal templating is used to 

deposit highly ordered mesoporous overlayers on the microelectrodes of MEAs. After comparing 

the thermal noise and the impedance of flat and mesoporous microelectrodes in physiological 

solution we demonstrate the utility of the mesoporous coating for the end user by recording 

neuronal activity from an embryonic mouse spinal cord. 
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2 Colloidal Crystals 
 

In crystalline materials the atoms or molecules are arranged in defined locations building up a 

highly ordered crystal lattice. The same degree of order is found in colloidal crystals (see Figure 

2.1b). Here the building blocks represent colloidal spheres with dimensions typically three orders 

of magnitude larger than atoms. A natural form of colloidal crystals represent gem opals 

attracting one's attention by their intense coloration (see Figure 2.1a) that changes when the opal 

is observed under different angles. This phenomenon known as opalescence is caused by a 

diffraction of light at the periodic crystal lattice generally being composed of sub-µm sized 

spherical particles. Even though colloidal crystals can be used directly for different kind of 

applications, several others arise from the possibility to fabricate inverse opals of various 

materials. Infiltration followed by a dissolution of the colloidal template is employed in order to 

produce negative replicas of colloidal crystals. Those inverse opals resemble "honeycomb 

structures" and are characterized by a 3-dim periodic arrangement of interconnected voids in a 

host material (see Figure 2.1c). Inverse opals offer great potential in application fields including 

photonic crystals, metamaterials or macroporous materials.  

 

 

Figure 2.1: a) Top view of a natural iron oxide-containing matrix opal.
13

 b) Cross-sectional SEM image of a colloidal 
crystal made up from silica spheres with a diameter of 1000nm.

14
 c) Silicon inverse opal obtained from a colloidal crystal 

like the one shown in b). Those structures show optical properties consistent with a photonic bandgap.
14

  

       

2.1 Synthesis of colloidal microspheres as starting material 

 

Colloidal crystals are generally build-up from spherical building blocks that can be of organic or 

inorganic nature. These particles may have metallic, semiconducting or electrical isolating 

character. As the colloidal crystals synthesized in this work are used as an inert template for a 

subsequent electrodeposition, the focus will be directed on electrically isolating particles. A 
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crucial parameter in the assembly of colloidal crystals represents the monodispersity of the 

colloidal building blocks. The narrower the size distribution of the colloids, the better the resulting 

quality and the lower the number of stacking faults in the colloidal crystal.15 The key feature in 

particle synthesis therefore consists in controlling the process in such a way that nucleation on 

one side and the growth of the nuclei on the other are distinct processes that are well separated 

from each other.16  

In the literature several well-known synthesis routes are described allowing to achieve this goal 

for various different materials. Focusing on organic matter, it is mainly poly(methylmethacrylate) 

(PMMA) and polystyrene (PS) that are employed in order to produce colloidal particles. 

Monodisperse polymer spheres are obtained by several techniques, the most widely used 

represents the emulsion polymerization. Here an insoluble monomer is dispersed in a medium 

(generally water) by the aid of an emulsifier. The surfactant is present in forms of micelles that 

contain most of the added monomer. Adding a radical initiator starts the polymerization and 

leads to a nucleation burst of small particles. These initial particles are generated by the reaction 

of radicals with the monomer which is present in the aqueous phase. Once the particles formed 

their growth will continue very slowly due to the limited amount of monomer that can be 

dissolved in the aqueous phase with the micelles acting as a reservoir to provide the monomer for 

the polymerization. The growth of the particles will continue until all the monomer stocked in the 

micelles has been consumed. In this way particles with diameters ranging from 20nm to 1 µm can 

easily be produced.17  

The most widely used and studied material for the synthesis of monodisperse particles in 

inorganic systems represents silica. In 1968 Fink and Stöber found that hydrolysis and 

polycondensation of a dilute siloxane precursor in an alcoholic solution under basic conditions 

results in silica particles with a very narrow size distribution.18 The precursor generally is 

tetraethyl orthosilicate (TEOS) which is hydrolyzed in the presence of ethanol and water with 

ammonia acting as a catalyst. At high pH the silica spheres are surface charged which keeps them 

separated due to electrostatic repulsion. Lowering the pH value below 2, corresponding to the 

isoelectric point of silica, would favor the formation of a silica gel instead of individual particles. 

The final size of the particles was shown to depend on several parameters. Besides the pH, also 

the temperature, the method used for mixing the reactants and their concentration affect the 

result. The increase of the ammonia concentration was reported to lead to bigger particles 

whereas higher amounts of water resulted in rather narrow size distributions and spheres with a 

more uniform spherical shape.19 Higher reaction temperatures generally resulted in smaller 

particles.20 By choosing the right parameters the size of the silica particles can be adjusted to 

values between 50nm and 1µm. For the synthesis of bigger particles a two step process can be 
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used. In a first step, silica colloids of sub-micrometer dimensions are produced by the Stöber 

method. These "seeds" can be grown to their final size by a controlled addition of the precursor. 

Here the addition rate of the precursor was shown to be the dominant factor for producing 

monodisperse silica particles up to sizes of 2µm.21 By using a semi-batch instead of the Stöber 

batch approach, broad particle size distributions that were observed by several authors can be 

avoided.21, 22  

In Figure 2.2 the characterization of silica beads employed in this work is shown. The SEM images 

in Figure 2.2a) - Figure 2.2f) reveal the high degree of monodispersity for the different particle 

diameters. The size distributions of three different samples obtained by dynamic light scattering 

experiments are illustrated in Figure 2.2g). The results show single populations of beads 

expressed by the different peaks that are centered around the mean diameter of the particles.  

 

 

Figure 2.2  Characterization of silica beads that have been synthesized by batch or semi-batch processes inspired by the 
Stöber method. a)-f): SEM -images of particles crystallized on a substrate with diameters of a) 1200nm b) 1000nm c) 
740nm d) 600nm e) 470nm f) 325nm. g): Size distribution of the samples b), c) and f) in suspension obtained by dynamic 
light scattering (DLS).  
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Silica offers the convenience that the surface properties can be changed relatively easily and in a 

wide range by using siloxane chemistry.23, 24 In this work the silica spheres were functionalized 

with aminopropyltriethoxysilane which was added during or after the synthesis of the particles.25  

 

Aminopropyltriethoxysilane 

This step was necessary to allow the formation of stable Langmuir films from silica particles. 

Without modification the silica spheres would be too hydrophilic and directly sink into the water 

after they are spread on the surface of the water. A modification with aminopropyltriethoxysilane 

allowed to render the particles more hydrophobic compared to bare silica due to the NH2-

terminated alkyl chain.  

 

2.2 Self-assembly techniques of colloidal particles 

 

Self-assembly represents a process where structures organize into ordered patterns without 

human intervention. It can be found at all scales in the natural or the artificial domain of our 

world. Examples for self-assembly are living cells, molecules, self-assembled monolayers (SAMs), 

liquid and colloidal crystals, bacterial colonies and even animal swarms (ants).26 Self-assembly of 

colloidal particles represents an area with considerable interest for the fabrication of ordered 

nanostructures. The different forces present in this size regime therefore should be identified to 

be able to understand and to direct the process in a desired direction.    

A condition which has to be fulfilled in order to form stable aggregates in colloidal systems 

presents the establishment of a balance between attractive and repulsive forces that act on the 

particles. The internal forces that are present in colloidal systems can be assigned to two different 

groups. 

Van der Waals attraction being based on dipole interactions and the electrostatic repulsion 

resulting from an interaction of counterions in the electric double layer represent basic colloidal 

forces. In the DLVO theory (Derjaguin, Landau, Verwey, Overbeek) the balance between these 

two forces determines the stability of colloidal solutions. Even if the particle interaction can be 

predicted in a wide range of distances by considering the ratio of electrostatic to van der Waals 
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forces, other colloidal forces including steric, hydrophobic and solvation forces should be 

considered especially when particles are in proximity to each other.    

The second group of forces is rather induced by different colloidal phenomena and does not 

directly result from intermolecular interaction. These induced forces exhibit particular importance 

in the colloidal regime as the magnitude and length scale is comparable to that observed in 

colloidal forces. As will be shown in the next chapters, capillary forces and surface tension are 

crucial in colloidal self-assembly. The wetting behaviour and adhesion on colloids or interfaces 

equally can affect the force balance in the assembly process. For sub-micrometer sized colloidal 

spheres also the influence of gravity, diffusion and Brownian motion are in comparable scales 

meaning that slight changes in experimental conditions can favor either one or the other to be the 

dominant effect. Osmotic pressure, force by flow as well as electrokinetic and magnetophoretic 

forces equally represent forces that are induced by colloidal phenomena. 

 

 

Figure 2.3   Scheme showing the relation of the different forces involved in colloidal self-assembly.
27

 

 

In order to assemble colloidal spheres into a 3-dim colloidal crystal a highly directional process is 

required that allows to gain control over the involved forces. Self-assembly however that relies 

strictly on the internal forces described above presents a rather random process in colloidal 

systems.27 External forces enable to change the force balance in such a way that the assembly can 

become directional and highly controllable (see Figure 2.3).  

Many effort has been dedicated to exploring various routes allowing a self-assembly of colloidal 

crystals via the involvement of different external forces. A considerable part of the research 

performed in this field focused on achieving high quality colloidal crystals with a low number of 

defects. Especially for an application in the field of photonic crystals big interest consists in 

controlling the assembly in such a way that defects can be integrated into the colloidal crystal 

structure in a highly controlled manner. In the same context, colloidal crystal structures with 

various patterns may yield new solutions for applications that demand a special design of 
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assembled crystals. Finally a scale-up and an acceleration of the self-assembly process represent 

important goals in order to allow an economic manufacturing at the industrial scale. In recent 

works detailed overviews are given over principal methods used for the self-assembly of colloidal 

spheres into colloidal crystals.13, 28, 29 

 

2.2.1 Evaporation and sedimentation techniques 

 
 

Using sedimentation of colloidal microspheres in suspensions is probably the most straight 

forward technique in order to produce colloidal crystals.30 Forces acting on the particles are 

gravity, Brownian motion and also the electrostatic repulsion in the case that particles are 

charged. Colloidal crystals obtained by sedimentation were shown to possess a face centered 

cubic (fcc) lattice structure.31 Regardless of the employed self-assembly method fcc tends to be a 

more favorable configuration in opals than the hexagonally closed packed (hcp) arrangement.28 

This finding was further supported by theoretical considerations, reporting fcc to be slightly more 

stable than the hcp lattice when the assembly occurred in thermodynamic equilibrium 

conditions.32 However, sedimentation represents only a well adapted method for a very limited 

range of particle sizes. Using big particles leads to a very fast sedimentation which prevents well 

ordered colloidal crystal from being formed.33 On the other hand this technique can not be 

employed when the particle size is getting too small to allow an efficient settling of the particles 

to take place in a reasonable amount of time. Adding centrifugal forces allowed to accelerate the 

sedimentation process,34 whereas electrophoretic forces could be used to either slow down or 

speed up the natural sedimentation of charged particles depending on the bias of an electric field 

with respect to the gravitational force.35 The ordering and the structural quality in colloidal 

crystals could be improved by using prestructured substrates36 or oscillatory shear.37         

Colloidal spheres also self-assemble while solvent evaporates from a colloidal suspension. In the 

horizontal deposition method, a small amount of a colloidal suspension is spread onto a 

hydrophilic, horizontally arranged substrate and is allowed to slowly evaporate.38, 39 Ordering of 

the beads was found to start as soon as the thickness of the liquid layer during evaporation 

became equal to the particle diameter which is schematically illustrated in  

Figure 2.4.40 At first some particle clusters start to grow arising from a deformation of the liquid 

meniscus around the particles. Evaporation of solvent from these particle clusters causes liquid to 

flow towards them, a process induced by capillary forces, which drags further spheres along for 

the self-assembly. This flow-induced assembly of colloidal particles starts at the outside of a drop 
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moving continually towards its center. As a result the thickness of the colloidal crystal is not 

homogeneous throughout the sample showing thicker deposits in the outer than in central 

regions. With a controlled air flow it was possible to guide the self-assembly and to achieve a 

more homogeneous thickness throughout the sample.41 Sonication assisted evaporation resulted 

also in a better crystal quality by equally speeding up the evaporation process.42 

 

 

Figure 2.4  Self-assembly of colloidal spheres on a horizontal substrate due to evaporation induced capillary forces.
17

 

 

The vertical deposition method (VD) was introduced by Jiang et al.43 and is schematically shown in 

Figure 2.5a). Here a hydrophilic substrate is placed vertically or slightly tilted in a beaker 

containing a colloidal suspension. During evaporation of the solvent well arranged colloidal 

crystals form at the surface of the substrate. The colloidal crystal is formed in a very similar way 

than described for the horizontal deposition, although gravity acting on the particles is now 

pulling them away from the growth interface of the crystal.  

  

 

Figure 2.5   The vertical deposition (VD) method. a) Original configuration of the VD method. b) Additional slow lifting of 
the sample. c) Illustration of the processes happening at the air-liquid-substrate interface during solvent evaporation.

13
   

 

As illustrated in Figure 2.5c) the solvent evaporation occurring in already deposited opal layers 

induces a flow of liquid towards the meniscus that steadily transports new particles from solution 
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towards the growth front of the colloidal crystal. Opposite to this flow the gravitational force is 

acting on the colloidal particles. In its original configuration this method was therefore not 

adapted for assembling big colloidal particles into colloidal crystals as the sedimentation rate of 

these spheres was too high. This limitation could be overcome by introducing a permanent flow in 

the solution by heating44, 45 or mechanical agitation46 keeping the spheres in suspension. The 

influence of a range of different process parameters on the assembled colloidal crystals were 

studied and optimized including temperature47, sphere size48, volume fraction of particles in 

solution49, relative humidity50 and also the pH and the ionic strength of the solution.51 

Simultaneous application of negative pressure during the evaporation of solvent was shown to 

further improve the film quality.52 In terms of the structural quality of the assembled colloidal 

crystals VD leads to better results compared to the sedimentation or the horizontal deposition. 

Well ordered crystals with a low number of defects can be obtained in that way, an example of 

that is given in Figure 2.6a). Residual defects as the ones illustrated in Figure 2.6b) are mostly due 

to insufficient monodispersity in the size distribution of the colloidal spheres. The intrinsically 

slow process of the natural evaporation of aqueous solutions could be accelerated by using 

ethanol instead of water as the solvent.52, 53 The thickness of the deposited film can roughly be 

adjusted by controlling the particle concentration of the suspension. Also a change in the tilt angle 

of the substrate could serve the same purpose.54 However the film thickness generally was found 

to vary throughout the sample, as particle concentration increases with proceeding evaporation 

of solvent. By pulling the substrate slowly out of the solution (see Figure 2.5b), the method was 

accelerated and variations in film thickness throughout the sample could be avoided. 55, 56      

 

 

Figure 2.6:   SEM images of colloidal crystals produced by VD under isothermal heating (a) + (b) or horizontal deposition 
(c). In (b) different kind of defects are shown including bigger or smaller particles, doublet or missing spheres. (c) shows 
the typical crack formation that is observed in colloidal crystal assembly based upon solvent evaporation.

45, 57
 

 

A general issue of colloidal crystals formed from particle suspensions represents the cracking of 

the structure that occurs during the drying process (see Figure 2.6c).56, 58 Here, the shrinking of 

individual particles and/or the solvent evaporation between the spheres leads to a stress in the 

lattice domains of the colloidal crystal adhering to the substrate. This stress is released in form of 
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cracks splitting the colloidal crystal into different crystalline domains. Only very few techniques 

exist that allow producing crack-free colloidal crystals directly from a particle suspension. A way 

of avoiding the stress appearing during the drying process consists in using flexible substrates. 

Molten metals as Ga or Hg can provide fluid substrates that are free to move in order to 

compensate a shrinkage in the colloidal crystal.57 Another possibility of producing crack-free 

colloidal crystals presents the use of prestructured substrates that are meant to keep the particles 

in a fixed position and so preventing cracks in the structure.59      

 

2.2.2 Colloidal self-assembly driven by electric fields  

 

The self-assembly of colloidal particles can also be controlled by using electric fields.60 When 

colloidal suspension are exposed to an electric field a movement of particles results from forces 

that either act directly on them or cause a liquid flow that drags the particles along. An overview 

of the different forces and the underlying mechanism is given in Figure 2.7.      

 

 

Figure 2.7:   Different forces acting on a colloidal particle upon application of a DC (a) + (b) or an AC (c) +(d) electric field.               
(a) DC electrophoresis. (b) DC electroosmosis. (c) AC dielectrophoresis. (d) AC electro-hydrodynamics.

60
  

 

The principle of DC electrophoresis is shown in Figure 2.7a). The cloud of negative counterions 

around the positively charged particle is attracted by the anode and slightly sheared away into 

this direction. This local charge imbalance creates an electrophoretic force that causes an 

acceleration of the particle towards the electrode that exhibits opposite polarity with respect to 

the particle, in our present case towards the cathode . The velocity    of the particle will depend 

on the electrophoretic mobility   of the particle and the strength of the applied electric field  , 

which is shown in equation 2.1.  

 

          (2.1) 
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The electrophoretic mobility can be expressed as a function of the zeta-potential   of the 

particle(s), the viscosity   of the solution and the dielectric permittivity   and    of the medium 

and the vacuum, respectively (see equation 2.2).    

  
    

 
      (2.2) 

  increases when the zeta-potential   of the particle increases or the viscosity   of the solution 

decreases in a given solution.  

By applying a constant DC electric field between two electrodes in a suspension containing 

colloidal spheres with a charged surface, colloidal crystals can be assembled on the electrode 

surface.  Colloidal crystals have been assembled from silica61, 62 and latex63-65 beads using 

electrophoresis as the driving force. In order to understand which effect leads to the creation of 

ordered particle arrays, the kinetics during electrophoretic assembly has been studied66, 67 and a 

hydrodynamic model has been proposed.68 The counterionic atmosphere around the particles 

was shown to disturb the polarization layer of the electrode surface, which as a result caused 

electrohydrodynamic flow around the particles pulling them together to form 2- or 3-dim colloidal 

crystals. A colloidal crystal with a body centered cubic (bcc) lattice orientation could be obtained 

by using a patterned substrate for the electrophoretic deposition which was slowly withdrawn 

from the colloidal suspension69 Application of a DC electric field however may result in effects 

disturbing the assembly process of colloidal particles including electroosmotic flow and faradaic 

reactions happening at the electrode surface. If ethanol was added to aqueous solutions, water 

decomposition could be avoided enabling higher electric fields to be applied without emergence 

of parasitic reactions.64 The origin of the electroosmotic flow is illustrated in Figure 2.7b). Here, 

the layer of counterions which is formed close to a non conducting charged surface moves 

towards the electrode with opposite polarization and causes a liquid flow near that surface. In 

Figure 2.8a) a colloidal crystal obtained by electrophoretic deposition with a low density of 

stacking faults is shown.  

In contrast to DC, AC electric fields offer the advantage that higher electric fields can be applied 

without causing electrolysis or electroosmotic water motion, given that the employed frequency 

is high enough. The continuous change of polarization in AC fields prevents charged particles from 

being attracted to an electrode due to electrostatic interactions. As shown in Figure 2.7c) the 

dielectrophoretic force FDEP attracts colloidal particles to areas of higher electric field intensity. 

FDEP results from the interaction of induced dipoles with a nonuniform electric field and is 

expressed by equation 2.3. 

                            (2.3) 



2 - Colloidal crystals 

 

15 
 

FDEP depends strongly on the gradient of the electric field squared,    , and the particle radius   

cubed, with    being the dielectric constant of the medium. The real part of the Clausius-Mossotti 

function K describes the effective polarizability of the particle and influences the magnitude and 

also the sign of FDEP. As illustrated in Figure 2.7c), particles are attracted to the regions of high 

field intensities by the dielectrophoretic force. This behavior is observed for highly polarizable 

particles, e.g. metal particles, resulting in a Re(K) > 0 in the whole frequency range. If less 

polarizable particles, e.g. polymer beads are exposed to an AC electric field, it will depend on the 

frequency whether the attraction occurs towards the regions of higher (Re(K) > 0, at low 

frequencies) or lower (Re(K) < 0, at high frequencies) electric field intensities. The first report 

dealing with the assembly of colloidal particles by an AC electric field was provided by Richetti et 

al. 70  Here, and in following works with a similar objective,71-76  electrodes were separated by a 

thin gap of the order of the particle diameter. Upon application of an AC electric field the particles 

could be organized into 2-dim colloidal crystals.  Parameters, that allow for a tuning of the 

interparticle distance and therefore the shape of a colloidal assembly, are the frequency,74 the 

applied field intensity and the temperature.76 Using basically the setup shown in Figure 2.7c) in a 

thin cell, 3-dim colloidal crystals could be assembled from polymer77, 78 or silica particles,79 the 

latter possessing a fluorescent core in order to facilitate the evaluation of the bead arrangement 

in the crystal structure.  

 

 

Figure 2.8:   SEM images of colloidal crystals obtained by applying electric fields. a) Colloidal assembly obtained by DC 
electrophoretis.

64
  b) Colloidal crystal formed by AC dielctrophoresis from latex spheres with a diameter of 1,4µm.

77
                                      

c) Colloidal crystal patterns on ITO obtained by applying a DC electric field with simultaneous illumination of the ITO 
through a mask.

80
 

 

Electric fields are also well adapted for producing different colloidal crystal patterns on electrode 

surfaces. Therefore the conductivity of the electrode surface first was locally modified in order to 

give rise to non-uniform electric fields inducing fluid flows around the patterned areas. Non 

conducting photoresist- 81, 82 and gold-patterns deposited on an ITO electrode83 allowed to 

assemble colloidal particles into crystalline patterns onto the electrode surface by either applying 

a DC 81, 83  or an AC 82, 84 electric field. Another very sophisticated technique uses an electric field 
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with UV light to reversibly assemble and disperse colloidal particles at an ITO electrode surface 

(see Figure 2.8c).80 The electric field could be locally changed by illuminating ITO in certain areas 

by means of a mask, leading to a formation of colloidal crystal patterns in the regions of higher 

electric fields.    

 

2.2.3 Langmuir-Blodgett (LB) technique 

 

In its original concept the Langmuir-Blodgett technique was conceived to transfer molecular films 

from the water surface onto solid samples. As research interests of Irving Langmuir rather focused 

on studying the assembly of amphiphilic molecules at the air-water interface,85 it was by the 

collaboration with Katherine Burr Blodgett, who explored the transfer of these monomolecular 

films onto solid substrates,86 that this technique finally got its name. The basic principle is 

illustrated in Figure 2.9a). A molecular film, the polar head groups pointing into the water and the 

hydrocarbon tails towards the air, can be transferred to a solid substrate upon its immersion into 

the water. When the sample is lifted up again, another layer of molecules is transferred onto the 

previously deposited one, the hydrophilic head groups oriented towards one another. By 

repeating the dipping process multilayered molecular films can be produced on bulk samples.  

 

 

Figure 2.9:  a) Principle of transferring a molecular Langmuir film onto a bulk substrate.
87

 b) Schematic representation of 
a compression isotherm for a molecular Langmuir film. The surface pressure is plotted over the area per molecule.

88
  

 

Before a Langmuir film is transferred to a substrate it is compressed by means of movable barriers 

in order to obtain dense and well ordered monolayers. The degree of film compression can be 

controlled by monitoring the surface pressure of the water as a function of film area or area per 

molecule. A typical compression isotherm for a molecular film is shown in Figure 2.9b). Here, 

three distinct states can be distinguished that are classified in analogy to the different phases of 

matter into a solid, a liquid and a gaseous state. At the onset of the compression the molecules 

are far from each other, so that they do not exhibit any kind of interaction resulting in a 

constantly low value of surface pressure. With further compression, beginning electrostatic or 
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steric interactions between the molecules cause an increase of the surface pressure denoting the 

liquid state. The steep rise of the pressure corresponds to the molecules getting in close contact 

by forming a well compressed monolayer on the water surface. Any further compression would 

lead to a collapse of the film with layers being stacked on top of each other.    

The use of the LB technique in combination with colloidal particles necessitates the formation of 

stable colloidal Langmuir films on the water surface. This issue could be resolved by silylation of 

silica beads in order to change their surface chemistry from a hydrophilic to a more hydrophobic 

state.23, 24 Surface functionalized beads in this way were prevented from sinking into the aqueous 

subphase when they were spread onto the water surface (see Figure 2.10a). However recently it 

could be shown that silica particles in a limited size range from 180 to 360nm do not explicitly 

have to be surface functionalized in order to form stable colloidal monolayers on the water 

surface.89 The compression of colloidal films (see Figure 2.10b) can be followed by controlling the 

surface pressure of the water in a similar way as shown in Figure 2.9b). In contrast to the transfer 

process of molecular Langmuir films that is shown in Figure 2.9a), a colloidal Langmuir film is 

transferred exclusively during the upstroke of the sample (see Figure 2.10c), which was reported 

to require less energy than forcing the particles into the aqueous subphase.90 Consequently, the 

number of dipping events, involving one down and one up cycle, corresponds to the number of 

deposited particle layers. LB therefore represents a technique allowing the assembly of colloidal 

crystals within a precision of a single monolayer. Langmuir films can be transferred successfully 

onto substrates that are hydrophilic enough to allow wetting and the formation of a meniscus at 

the interface of substrate and liquid. The first works on this topic reported the fabrication of 2D 

colloidal crystals consisting of a monolayer of silica91 or titania92 spheres. Shortly after 3D colloidal 

crystals were successfully built up onto glass microscope slides by a successive deposition of 

particle monolayers.93-95  

 

 

Figure 2.10:   Different steps involved in the Langmuir-Blodgett process together with colloidal particles. a) Spreading of 
the particles on the water surface. b) Compression of the Langmuir film. c) Transfer of the colloidal film to a hydrophilic 
substrate at constant surface pressure   

 

The Langmuir trough used in our experiments is shown in Figure 2.11. A trough area of 1200 cm2 

enabled to prepare Langmuir films of a good quality covering a surface area ranging from 180 to 

600 cm2. The movable barriers A and B in combination with the balances A and B allowed to 
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compress the film and simultaneously measure the surface pressure of the water. Once the film 

was in a well compressed state, the surface pressure was kept constant and a sample was 

introduced into the dipping mechanism onto which the film was transferred during the upstroke 

(v = 1mm/min). The compression and film transfer could be controlled by a computer equipped 

with the software Nima TR 7.8. A PMMA cover was kept closed immediately after spreading of the 

film in order to prevent the film quality to be degraded by dust particles from the atmosphere. 

    

 

Figure 2.11:   Top view of the alternate Nima Langmuir trough (L  W: 60cm   20cm) with two independent movable 
barriers A and B, two surface pressure sensors (balance A and B) and a dipping mechanism. 

 

Side views of the LB setup during or after film deposition is provided in Figure 2.12a) and Figure 

2.12b). The surface pressure of the water could be measured by means of a piece of paper, the 

Wilhelmy plate, which was immersed into the water being attached at the same time to a balance. 

Increasing the surface pressure would sligthly lift the Wilhelmy plate. This difference in weight 

could be translated into a change in surface pressure. In Figure 2.12a), multiple monolayers of 

silica spheres have been transferred onto the gold substrate by fast immersion (v= 63mm/min) 

followed by slow withdrawing (v= 1mm/min) cycles. Figure 2.12b) shows the transfer of the first 

particle monolayer onto a gold substrate (sample size 48cm2) during the upstroke. Although being 

less apparent than the multilayer LB film of Figure 2.12a), the deposited monolayer still can be 

discriminated from the blank gold substrate. In this way uniform mono- and multilayer colloidal 

crystals could be produced over an area of up to 20 to 30 cm2.  The maximal film size that can be 
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transferred onto a sample is only limited by the dimensions of the Langmuir-trough, in particular 

the dipping well, and not by the process itself.    

 

 

Figure 2.12: a) Side view on a Langmuir-Blodgett experiment. Several monolayers of silica beads have been transferred 
onto the gold coated glass substrate (ca. 1,5cm   2,5cm). b) Transfer of the first monolayer on a gold coated substrate 
(8cm   6cm). The meniscus that forms at the substrate-liquid interface confirms good wetting of the gold surface which 
was modified with a self-assembled monolayer (SAM) of cysteamine.  
 

A typical example of a compression curve of a colloidal Langmuir film is illustrated in Figure 2.13a). 

Compared to the compression of molecular films seen in Figure 2.9b) the corresponding liquid 

state in the compression curve misses here. This represents a general feature observed in 

colloidal Langmuir films.93 The film transfer occurs at constant surface pressures with values 

ranging from 5...10 mN/m. While the film is transferred to a sample, the movable barriers will 

reduce the area occupied by the Langmuir film in order to keep the surface pressure constant. 

 

 

Figure 2.13:   Surface pressure over the area occupied by the particle film in the LB trough. a) Compression of the 
particle film (silica, 470nm diameter) to a surface pressure of 5mN/m and subsequent transfer of 7 layers onto a bulk 
sample. b) Graph showing the transfer of 18 layers (silica, 600nm diameter) of a Langmuir film at a surface pressure of  
6.4mN/m. 
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This feature can be seen in Figure 2.13a) and b), where the area occupied by the film decreases 

during the transfer. The peaks observed after every deposited layer are due to the sample leaving 

or reentering the water surface which creates a short peak in the measured surface pressure. 

They represent a convenient feature to follow the transfer process and to control the successful 

deposition of the desired number of monolayers on the sample. Figure 2.14 shows SEM images of 

colloidal crystals that have been produced using the LB technique. Figure 2.14a) and b) give a top 

view on a monolayer of silica spheres deposited on gold, whereas Figure 2.14c) and d) show the 

cross-sections of two multilayer samples of different sphere diameter. Figure 2.14a) illustrates a 

zone where a perfect crystalline array of close packed silica spheres is found. However, examining 

the LB film under a lower magnification reveals that well ordered domains are perturbed by 

several defects including grain bounderies, missing spheres or empty space between the spheres 

(see Figure 2.14b). The cross section of multilayer samples in Figure 2.14 c) and d) confirm that 

the thickness of the colloidal crystal is uniform throughout the sample. It is found that the actual 

number of layers found on the samples corresponds to the programmed ones.  

 

 

Figure 2.14:   SEM images of colloidal crystals produced by the LB technique. a) + b): Top view of a monolayer of silica 
spheres (diameter 1µm) deposited onto a gold substrate in different magnifications. c) + d): Cross section of colloidal 
crystals composed of c) 10 layers of silica beads (d = 325nm) and d) 12 layers of silica beads (d = 1µm). 
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The high level of control that offers the LB technique is accompagnied by inferiour structural 

quality compared to colloidal crystals that have been obtained by other methods e.g. vertical 

deposition (VD). In the Langmuir-Blodgett technique 3D colloidal crystals are produced by 

stacking sphere monolayers onto one another which before have been assembled on a water 

surface. This results in a different packing and less ordered sphere layers than in colloidal crystals 

obtained from evaporation or sedimentation methods. The packing factor c in colloidal crystals 

obtained by LB is higher (  0.9) than in a perfect fcc lattice (0.816).90 The enlarged layer spacing in 

the z-direction is accompagnied by optical properties that are different from those observed in fcc 

colloidal crystals.96-98 Despite this drawback the LB technique offers several advantages over 

competing methods used for assembling colloidal crystals. As mentioned in chapter 2.2.1, 

colloidal crystals assembled from colloidal suspensions suffer from cracks that occur during the 

drying process. In this regard the LB technique offers a serious advantage. Building up colloidal 

crystals by a transfer of single monolayers from the air-water interface leaves enough time to dry 

for the individually deposited layers avoiding stresses in the colloidal crystal leading to crack 

formation. Therefore colloidal crystals produced by LB do not contain any cracks in their structure. 

Furthermore very few techniques are reported in the literature allowing to deposit only a single 

monolayer of particles onto different substrates.99 This approach being of particular interest for 

applicatiions in nanosphere lithography.100 Finally, LB allows a perfect control over the number of 

deposited layers including the possibility to combine spheres of a different diameter or chemical 

composition in the different layers of a colloidal crystal. This characteristic will be taken 

advantage of in chapter 4 to assemble colloidal templates that consist of very sophisticated 

architectures including sphere gradients or defect layers.       

 

2.2.4 Other techniques for colloidal sphere assembly  

 

Besides the basic techniques there are several other methods that can be used to assemble 

colloidal crystals and that may offer particular benefits over those discussed so far. The first that 

will be presented in this section relies on the assembly of colloidal spheres in capillaries. A straight 

forward setup is shown in Figure 2.15a). Here, two glass plates that are separated by thin spacers 

are placed into a colloidal suspension. Capillary forces will transport spheres into the cell towards 

the edges where evaporation of solvent and the crystallization of particles takes place. The 

thickness of the growing crystal is defined by the distance between the two plates. An SEM image 

of a sample produced with this setup can be seen in Figure 2.15c).101 The crystal is very 

homogenous over large distances with a very low number of defects. For bigger particle 



2 - Colloidal crystals 

 

22 
 

diameters less well ordered structures resulted which is probably due to the influence of gravity 

acting opposite to the capillary force.     

  

 

Figure 2.15:   Capillary method. a) Schematic representation of the vertical capillary cell.
101

  b) Setup containing a 
capillary tube for the transport and a capillary cell for the crystallization of colloidal spheres.

102
  c) Colloidal crystal 

fabricated with the setup shown in a); particle diameter was 423nm.
101

 

 

An alternative setup for this method illustrates Figure 2.15b).102 In this bi-capillary deposition 

method particle suspension is transported first from a reservoir via a capillary tube into a 

secondary capillary cell. The crystallization of spheres in this planar cell is analogue to the process 

shown in Figure 2.15a) involving transport of suspension towards the edges of the cell followed by 

particle crystallization. The method was reported to allow for a good control over thickness and 

crack arrangements in colloidal crystals. Very similar setups to the ones shown in Figure 2.15 are 

used when colloidal crystals are formed by confinement. Park et al. were the first presenting a 

confinement cell in order to assemble colloidal crystals from particle suspensions.103 However, in 

their configuration the particle flow was driven by the application of positive pressure 

transporting the particles to the cell edges. Microstructured membranes at the cell edges allowed 

the solvent to evaporate by retaining the particles in the cell.  

Another group of techniques employs shear forces in order to produce ordered colloidal crystal 

arrays. The spin-coating process represents an example for shear induced ordering. Therefore 

colloidal silica particles were suspended in non-volatile triacrylate monomers and the mixture was 

spin-coated onto different substrates.104 Ordering of the spheres is observed due to shear forces  

occurring when the suspensions smears on the rotating substrate. The photopolymerization of 

the monomer gave stable composite films where individual particles however were not 

necessarily in contact with each other. The use of volatile solvents as suspension medium enabled 

to produce colloidal crystals with touching spheres that did not have to be enclosed in a polymer 

matrix.105 Apart from spin coating different setups can be employed to apply shear forces to a 

colloidal assembly. 
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Figure 2.16:   Ordering of colloidal assemblies by shear forces. a) Scheme of the shear alignement based process.
106

 b) 
Ordering in opaline films by edge-induced shearing. c) Opal films before and after edge induced shearing 

107
     

 

In Figure 2.16a), a colloidal film is confined in a thin cell composed of two parallel plates, of which 

one is sheared against the other.106 The resulting shear forces produce well ordered colloidal 

crystal arrays. Generally core-shell particles with a soft polymer shell grafted on a hard silica or 

polymer core are employed in techniques based on a shear alignment. By using polymer core-

shell particles well established processing methods in polymer fabrication including extrusion or 

hot pressing can be employed to fabricate colloidal crystals.107, 108 Recently, a possibility was 

presented to enhance the crystalline quality in these core-shell opaline films. First crystalline films 

out of polymer particles composed of a polystyrene core and a soft polyethylacrylate shell have 

been produced by extrusion followed by a rolling procedure of the produced ribbons. In a second 

step these films were drawn over a heated edge, which is schematically shown Figure 2.16b). This 

process resulted in significant improvements in terms of the crystalline order of these films. This 

finding is supported by the brighter colors seen for the opaline film shown in Figure 2.16c) on the 

right, where edge-induced shearing has been performed.  

Some insight of what is possible in the field of colloidal assembly is given by Figure 2.17 and Figure 

2.18. By confinement or patterning of substrates the crystallization in colloidal systems can be 

controlled leading to interesting new structures.  

 

 

Figure 2.17:   Aligned crystallization of colloidal spheres in V-shaped grooves into a) helical chains and b) straight chains. 
The arrow in b) denotes a missing sphere.

109
  (c) Colloidal crystallization of a bi-modal sphere suspensions (diameter of 

the particles 1.28µm and 260nm).
53
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In Figure 2.17a) for example, the sphere diameter and the dimension of a V-shaped groove have 

been matched in order to lead to a helical chain of colloidal particles. When the same geometry is 

used in combination with a different bead diameter, the particles assemble into straight lines, as 

shown in Figure 2.17b). Achieving order in multi-modal systems equally is a very challenging task. 

Figure 2.17c)  shows the crystallization of big particles in the presence of smaller ones forming a 

regular crystalline colloidal network. Here, choosing the right volume and size ratios between the 

two particle distributions are important parameters for a successful co-crystallization. Although 

the example shown in Figure 2.17c) relies on a 2D colloidal assembly, also 3D multimodal 

structures with long range periodicity can be fabricated.110 By controlling the surface properties of 

the substrate, colloidal crystallization can also lead to very complex crystalline objects as 

illustrated in Figure 2.18.111  

 

 

Figure 2.18:   Colloidal crystal spheres obtained by crystallization on super-hydrophobic substrates. Spheres containing 
crystallized latex particles (left) and co-crystallized spheres of latex and gold nanoparticles (right).

111
 

   

Superhydrophobic substrates ensured a minimal contact area between the colloidal droplet and 

the surface of the substrate leading to a spherical geometry. By changing the wettibility of the 

substrate also other forms including hemispherical shapes can be produced. The pictures at the 

left of Figure 2.18 show homogenous latex "microballs" of two different diameters. The 

opalescence in these structures already can be regarded as a proof for an ordered crystalline 



2 - Colloidal crystals 

 

25 
 

particle arrangement. Co-crystallization of colloidal particles in presence of gold nanoparticles (d ~ 

20nm) resulted in objects that are shown in the images at the right of Figure 2.18. At these 

objects the colors owing to Bragg diffraction are even more pronounced than in the latex 

"microballs", which was attributed to an increased reflectance and suppressed backscattering 

caused by the gold nanoparticles. By using electric fields these free floating colloidal droplets 

could be manipulated112 enabling to produce various anisotropic structures including eyeballs and 

striped particles.113  

 

2.3 Optical properties of colloidal crystal 

 

The 3-dim periodic organization of spheres leads to a diffraction of light at the lattice of colloidal 

crystals. The characteristic coloration in artificial opals hence can be regarded as a proof for a high 

order of the constituting particles. Figure 2.19 shows gold coated glass slides with a deposit of 

either one (a and b) or two (c and d) layers of silica spheres. As mentioned in chapter 2.2.3, LB 

allows colloidal crystals to be fabricated on large sample areas which is illustrated by Figure 2.19a) 

showing a uniform monolayer film of silica spheres of more than 30cm2 transferred on a gold 

electrode. The different colors observed in Figure 2.19b) - c) are due to the angular dependence 

of the Bragg diffraction and demonstrate the high quality of colloidal crystals obtained by LB.           

 

Figure 2.19: Optical photographs of different silica colloidal crystals transferred on gold coated glass slides by LB. One 
sphere layer with a diameter of a) 395 and b) 1200nm. c) and d): A sample composed of two sphere layers with a 
diameter of 440nm observed under different angles.  

 

Bragg's law (see equation 2.4) describes the condition for which constructive interference of light 

occurs at the successive planes in the crystalline lattice.  

                       (2.4) 

The integer   indicates the order of the diffraction,   the wavelength of the Bragg peak,   the 

scattering angle being equal to 90° for normal incidence and       the spacing between the planes 

in the lattice, which is given for the (111) plane in equation 2.5.  

http://en.wikipedia.org/wiki/Wavelength
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        (2.5) 

  corresponds to the diameter of the spheres in equation 2.5.    mentioned in equation 2.4 is the 

effective refractive index, which can be calculated from the refractive indices of the constituting 

materials     = 1.43 and      = 1 and their respective volume fraction   in the colloidal crystal (  = 

0.74 for fcc), shown in equation 2.6.  

          
            

       (2.6)    

Spectroscopic measurements performed in the UV-Vis-NIR wavelength range are usually 

employed to characterize the optical properties of colloidal crystals.45, 95, 114-116 In this non-

destructive method different characteristics including the degree of order in colloidal crystals and 

their thickness can be obtained. Since colloidal crystals have been assembled on gold substrates, 

reflectance spectroscopy was carried out using a microspectrophotometer working at normal 

incidence in the UV-Vis-IR range between 250 and 1650 nm. Figure 2.20a) compares the spectra 

obtained for three colloidal crystals each comprising ten sphere layers with different particle sizes. 

In each curve the Bragg peak is characterized by a minimum of the reflected light intensity 

(indicated by the black arrows), shifting towards higher wavelength when the sphere size 

becomes bigger, as theoretically expected from equation 2.4.  

 

 

Figure 2.20: a) UV-Vis-NIR reflectance spectra of three colloidal templates consisting of 10 sphere layers of silica 
particles of either 295, 325 or 395nm diameter. Arrows indicate the positions of the Bragg peak and the Fabry-Pérot 
fringes. b) Plot for the determination of the thickness of each sample given by the slope of the linear fits by taking into 
account the peak positions of the different Fabry-Pérot fringes.  

 

In addition to the Bragg peaks regular oscillations are observed in the different curves (here, 

between 700 and 1500 nm) which are known as Fabry-Pérot fringes. They originate from multiple 
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scattering processes of light at the gold/silica and silica/air interfaces causing interference 

phenomena.25, 95 The wavelength positions of consecutive reflectance maxima (indicated by the 

gray arrows) allow to estimate the thickness   of a colloidal crystal,95 using equation 2.7.   

       

                               (2.7)     

 

   here is the wavelength position of the first visible fringe taken into account and    is given in 

equation 2.6, assumed to be close to 1.33. For each sample,   is therefore equal to the slope of 

the linear fits plotted in Figure 2.20b). By assuming a fcc packing of sphere layers the theoretical 

thickness   of a colloidal crystal with   sphere layers with a diameter   can be calculated from 

equation 2.8.  

 

            
 

 
         (2.8) 

   

The theoretical thickness   and the experimental value   are compared in Table 2.1, showing a 

very good agreement for the colloidal crystals obtained with 295 and 395nm spheres. It is likely 

that the 325nm-spheres are slightly bigger than assumed causing the observed deviation between 

   and  .       

 

  

[nm] 

  

 

  

[µm] 

  

[µm] 

295 10 2.46 2.51 

325 10 2.71 2.97 

395 10 3.30 3.36 

Table 2.1: Comparison of the theoretical and experimentally determined thickness   and  , respectively, for three 
different colloidal crystals composed of N = 10 sphere layers of different sphere diameters  .  

 

The fact that well defined Bragg peaks and Fabry-Pérot fringes are visible in the reflectance 

spectra confirmed that well-ordered colloidal crystals of uniform thickness had been fabricated by 

the LB technique. As shown by equation 2.4 the wavelength position of the Bragg peak depends 

on several parameters including the sphere size, the distance of the sphere planes and the 

refractive index of constituting materials allowing to use colloidal crystals and their inverse 

replicas as photonic sensors (see chapter 3.4). In the next section we will discuss which standards 

have to be met that colloidal crystals can be used as photonic crystals with a complete photonic 

bandgap.  
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2.4 Photonic crystals (PCs) 

 

The term photonic crystals stands for a class of materials in which dielectrics or metallo-dielectrics 

with different refractive index are alternately arranged forming a crystalline structure. The 

refractive index throughout the material varies with a periodicity equal to the wavelength of light 

that may range from the visible up to the microwave region.  

The basic concept of PCs has been introduced in the late 80's by Yablonovitch117 and John118 who 

predicted that photons of a certain wavelength could be prevented from propagating in PCs. They 

claimed the existence of allowed bands and forbidden gaps for photons in PCs. This may be 

considered in analogy to semiconductors, where the band structure determines the probability 

distribution of electrons in the material.119 In semiconductors the periodic potential of the atomic 

lattice leads to the formation of a bandgap. Instead of atoms, a photonic crystal consists of a 

periodically structured dielectric media. If the dielectric constants of this media are different 

enough, Bragg scattering occurs at the dielectric interfaces resulting in a formation of a photonic 

band gap. 120 This leads to the case that photons with energies lying in the range of this forbidden 

band gap are not allowed to exist in the PC any longer. In a complete photonic bandgap a broad 

range of frequencies of light can be prevented from propagating in the photonic crystal.  

The concept of the photonic band gap may also be used to guide the light in a photonic crystal. 

Therefore the perfect crystalline structure of a PC can very locally be interrupted by intentionally 

integrating a defect into the material. When this PC additionally possesses a complete photonic 

band gap for a certain range of frequencies, light within the wavelength of the gap only can 

propagate along the direction of the defect. Depending on the nature of the defect (line or point 

defect), light can be either guided through or localized in the crystal. Producing materials that 

would be able to guide or mold the flow of light represents the most exciting vision of how PCs 

could be used in future applications. Due to the fact that photons travel much faster in dielectric 

materials than electrons do in integrated circuits based on semiconductors, a new generation of 

optical circuits would allow to transport information faster and with lower energy losses due to 

the nondissipative interaction between light and dielectric media.120  

Photonic crystals are characterized by different parameters. First of all they do exist as 1, 2 or 3D 

structures as illustrated in Figure 2.21. A one-dimensional PC structure (see Figure 2.21 left) 

consists of a periodic stack of alternating layers of different materials. In order to satisfy the 

condition for Bragg diffraction, the thickness of the different layers should be in the range of the 

wavelength of the light. By varying thickness and/or dielectric constants in the different layers 

the interference can be adjusted to be either constructive, which results in high reflection e.g. in a 

Bragg mirror, or destructive which can be taken advantage of in antireflective coatings. 
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Figure 2.21:   Photonic crystals of different dimensionality. From left to right: One dimensional structure: Bragg mirror. 
Two-dimensional structures: Hexagonal lattices formed by rods or pores. Three-dimensional structures: "Yablonovite" 
and "woodpile" structures 

121
 

 

However, as the material is anisotropic, total reflection of the irradiated light will be observed 

only for a single angle of incidence, making it impossible to achieve an omnidirectional photonic 

band gap with these 1D structures. In contrast 2D structures (see Figure 2.21 middle) are more 

complex to produce but comprise the possibility to be used in planar integrated optics.121 The only 

structures which are isotropic, therefore allowing for a complete photonic band gap to open up 

irrespective of the angle of incidence of the irradiated light, are 3D PC structures (see Figure 2.21 

right). The topology and the structural layout equally represent important parameters in PCs. For 

example, the distance between the basic building blocks in a PC directly has an influence on the 

spectral position of the photonic gap. Finally, a crucial parameter in PCs are the refractive indices 

  of the constituting materials. It can be distinguished between the effective refractive index  

     and the refractive index contrast    of a PC.       is calculated from the refractive indices    

and    of the different constituents and their respective volume fraction    in the crystal by 

equation 2.9.   

 

         
              

        (2.9) 

 

The refractive index contrast    is defined by the ratio     /   , where the higher of both values 

corresponds to   , therefore leading to values for      . The higher   , the larger the spectral 

extension of the photonic band gap in PCs. It can be shown in simulations that    has to exceed a 

threshold value before a photonic band gap will appear in a given crystal lattice.122 The influence 

of    on the band structure of a material is illustrated in Figure 2.22 for 1D structures. In bulk 

GaAs (left) no photonic bandgap exists due to the complete lack of a refractive index change in 

the homogeneous material. In a multilayer structure of GaAs and GaAlAs (middle)  a photonic 
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bandgap opens up, which however is very small owing to the relatively low     (dielectric 

constants ε are 13 and 12). The photonic gap considerably widens when GaAlAs is replaced by air 

leading to a GaAs/Air multilayer structure (right)  with a high    (with ε being 13 and 1 ).  

 

 

Figure 2.22:   The photonic band structures for on-axis propagation, as computed for three different materials. Left: bulk 
GaAs, the dielectric constant is ε=13. Center: multilayer (similar to the structure shown in Fig left) alternating between ε 
of 13 and 12. Right: multilayers alternating between ε of 13 and 1. 

122
 

 

The first 3D photonic crystal with a complete photonic band gap could be realized in 1991 by 

Yablonovitch et al.123  The bandgap was located in the microwave region of the electromagnetic 

spectrum and was attained with a Yablonovite structure corresponding to the one shown in 

Figure 2.23a). It was fabricated by drilling three sets of holes under a certain angle into the 

material as shown in the top right scheme of Figure 2.21. 

 

Figure 2.23:   SEM images of 3D photonic crystals. a) Yablonovite structure produced in PMMA by a cylinder with a 
diameter of 650nm. 

124
 b) Woodpile PC structure made of silicon with a complete band gap at a wavelength of around 

12µm. 
122, 125

   c) Silicon inverse opal with a photonic band gap around 1.3µm 
44

  

The woodpile structure, illustrated in Figure 2.23b) was introduced shortly after by Ho et al. 126 

Compared to the previous method it offered the advantage that the "logs" could be added layer 

by layer using standard lithographic methods. This allowed for a more convenient integration of 
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defects in the crystal structure (see Figure 2.24b). Further miniaturization of the unit cell in the 

woodpile structure enabled to shift the photonic band gap towards the technologically interesting 

regions around a wavelength of 1.55µm which is used in optical communication technology.125, 127-

129 

Complete omnidirectional bandgaps also can be produced using a bottom-up approach based on 

the self-assembly of colloidal crystals. For this objective, colloidal crystals but especially their 

replicas come into consideration. The benefits of a colloidal approach, relying on readily available 

self-assembly techniques, consists in low fabrication costs combined with relatively big achievable 

sample areas. However for an application in PC, colloidal assemblies need to fulfill high standards 

concerning the crystal quality assuring a low number of stacking faults. A low percentage of 

disorder in the crystalline array was shown to restrict photonic band gap formation.130 A complete 

photonic bandgap can be attained in colloidal crystals when the assembled spheres form a 

diamond crystal lattice, which is hard to realize with existing assembly techniques yielding mostly 

fcc or hcp packed orientations. 122, 131 However inverse opals with a fcc lattice orientation can 

exhibit complete photonic band gaps. This has been theoretically predicted in 1992 by Sözüer et 

al. 132, 133  and experimentally verified roughly ten years later, first by Blanco et al. and later by 

Vlasov et al. 44, 134 In Figure 2.23c) the perfect fcc alignment of air spheres in a silicon matrix is 

seen which gave rise to a complete photonic bandgap in the near-infrared region of the 

electromagnetic spectrum.  

 

Figure 2.24:   SEM images of defect structures integrated in photonic crystals. a) Principle of waveguiding in 2D photonic 
crystal structure. 

121
  b) Top view on a woodpile PC structure with a sharp bend (90°) waveguide.

128
   c) Colloidal crystal 

containing a line defect. 
135

  d) Silicon inverse opal showing two air line defects. 
136
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The objective to control the flow of light in a PC includes besides fabrication of the crystalline 

structure also its interruption in a defined area. Similar to the doping of semiconductors, the 

integration of defects can provide additional energy levels in the photonic gap where photons of a 

certain energy are permitted. Different kinds of defects can be integrated in PCs including 1D-

point, 2D-line or 3D-planar defects. The principle of waveguiding in a two-dimensional PC is 

illustrated in Figure 2.24a). Here two arrays of holes are separated by a line defect out of 

dielectric material. The arrow represents light whose respective wavelength lies within the band 

gap of the photonic crystal. Thus it can not penetrate into the ordered array of holes. Instead its 

propagation direction is confined to the line defect situated in the middle of the PC. Defects can 

be integrated into a PC already during its fabrication or afterwards by top-down modifications of 

the structure. Figure 2.24b) gives an example where a waveguide structure has been integrated 

into a woodpile PC during its fabrication by using lithographic methods. A detailed overview over 

the various approaches to integrate different kinds of defects in colloidal photonic crystals is given 

by Yan et al. 137 For example, the line defect shown in the colloidal crystal in Figure 2.24c) could be 

produced by a deposition of photoresist in a two step assembly process of colloidal spheres. 

Among bottom-up techniques spin coating,138, 139 transfer-printing140 and the Langmuir-Blodgett 

technique 141, 142 have been successfully employed to build defects in PCs. Top down techniques 

comprise reactive ion etching143 and multi-photon polymerization,136, 144, 145 with the latter being 

employed to produce the air defects in the silicon inverse opal seen in Figure 2.24d).   

 

2.5 Metamaterials 

 

Metamaterials often are referred to as materials with properties that do not occur in nature. 

These artificially structured materials gain their properties from the unit structure rather than the 

constituent materials, a concept which is also found in photonic crystals. However, the 

inhomogenity scale which corresponds to the lattice parameter in periodic structures, is much 

smaller in metamaterials than the wavelength of interest. Its electromagnetic response is still 

expressed in terms of homogenized material parameters. 146 The research in metamaterials is a 

very new and interdisciplinary field where physicists work on the modelisation and the 

establishment of the theoretical background while chemists and material scientists provide 

techniques to fabricate these materials. The most important field in the area of metamaterials 

focuses on the research of materials with a negative refractive index.  
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In all naturally occurring materials the refractive index   of a material has a positive value typically 

greater than unity for electromagnetic radiation excluding x-rays. This is described by equation 

2.10 where   denotes the velocity of light in vacuum and    the velocity in the material. 

  

  
 

  
     (2.10) 

Based on Snell's law, a light beam will be refracted when entering and leaving materials with a 

refractive index contrast. The angle of refraction with respect to the normal,  , depends on the 

ratio of the refractive indices of both media. For materials with a positive refractive index,   is 

always positive leading to a refraction of a light beam which is qualitatively shown in Figure 2.25a). 

In materials with a negative refractive index the light beam will bend in the direction opposite to 

the normal resulting in a negative  , as illustrated in the simulation of Figure 2.25b).  

 

 

Figure 2.25:  Simulation of a light beam that is refracted by a material with a) positive and b) negative index of 
refraction. Simulations are based on the raytracing method.  

147
 

 

Alternatively   can be defined by the relative permittivity   and the relative permeability   which 

are material parameters defining how the material is affected by an electric and a magnetic field, 

respectively. The relation between  ,   and   is shown in equations 2.11 and 2.12. 

            (2.11) 

            (2.12) 

In order to classify the existing forms of matter by their value for   and  , a diagram with the real 

part of the relative permittivity and the relative permeability which are plotted in x and y 

direction is shown in Figure 2.26. Common transparent materials are situated in the quadrant 

where   and   both are positive. In the grey quadrants one of the parameters, either   or   is 

negative. Here, no propagating waves can be found in materials when the index of refraction 
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becomes purely imaginary. Furthermore this condition is fulfilled in plasmas, in metals at optical 

wavelengths (  < 0) and in ferromagnetic media near resonance (  < 0).  The majority of the 

materials however that are used in optics are situated in a narrow zone, which corresponds to a 

value for   = 1 represented by the dotted green line. To obtain a negative index material (NIM) 

with both, negative permittivity and permeability, situated in the remaining light blue quadrant, 

the coupling of a material with the magnetic field component of light has to be increased to 

achieve a negative value for the permeability. 146 

 

Figure 2.26:   The parameter space for   and  . The two axes correspond to the real part of the permittivity and the 
permeability. The dashed green line denotes non magnetic materials with    . 

146
 

The theoretical description of media with simultaneously negative permittivity and permeability 

has been provided by  Veselago in 1968. 148 However it took more than 30 years to provide 

experimental evidence for this effect. In the year 2000 the first NIM with an operating frequency 

in microwave region was reported by Smith et al.149 They used a composite medium consisting of 

periodic arrays of interspaced nonmagnetic copper split-ring resonators (SRRs). The illustration of 

their SRR design is shown in Figure 2.27. 

 

Figure 2.27:   Split-ring resonator with two open concentric rings facing in opposite directions. In this first 
demonstration of a NIM the dimensions of the SRR were relatively big (c = 0.8mm, d = 0.2mm and r = 1.5mm) resulting 
in a resonance frequency of 4.845 GHz.

149
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The SRR structure can be regarded as an electronic circuit composed of inductive and capacitive 

elements. The rings form the inductive elements whereas the two slits with a gap between the 

rings act as capacitors. According to Lenz's law a magnetic field oriented perpendicular to the 

rings induces  circulating and oscillating electrical currents in the rings that give rise to an 

opposing magnetic field in the loop. In consequence, this leads to diamagnetic response of the 

material which results in a negative real part of the permeability.150, 151  

 

Figure 2.28:   Progress in operating frequency of NIMs. The different colors refer to the different design employed in the 
metamaterial. Orange: SRRs; green: U-shaped SRRs; blue: Metallic cut-wire pairs; red: Negative-index double-fishnet 
structures. Empty triangles denote a negative permeability, solid triangles a negative index of refraction.

151
 

 

Figure 2.28 illustrates the progress that has been achieved over the last 10 years in NIMs 

concerning the increase in operating frequency. By decreasing the unit size and slightly changing 

the design in SRRs, negative refraction was first verified at telecommunication152 and 

subsequently at optical wavelengths (see Figure 2.29b).153 Besides SRRs several other 

metamaterial designs have been developed till today that showed a negative refractive index. 

Among those are periodic arrangements of metallic cut wire pairs (see Figure 2.29c),154 elliptical 

and cylindrical holes in metal-dielectric stacks,155, 156 metallic nanowires,157 and double-fishnet 

structures (see Figure 2.29a).158 The latter, which was proposed theoretically in 2005,159 helped to 

push the operating regime in NIMs towards optical wavelengths, as can be seen from Figure 

2.28.160-162 The pairs of broader metal strips in double-fishnet structures provide negative 

permeability, whereas pairs of narrower metal strips give negative permittivity.150 In simulations 

the influence of different parameters, including the interlayer distance or the total number of 

layers, on the refractive index and the losses in the material were examined.163  
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Figure 2.29:   Images showing basic metamaterial designs.  a) SEM image of a double fishnet structure consisting of 
alternating layers (see inset) of 30nm of Ag and 50nm of MgF2.

160
  b) FESEM image of a U-shaped SRR structure 

consisting of aligned  gold rings.
153

  c) FESEM image of a gold nanorod array.
146

    

 

As can be seen from the different metamaterials illustrated in Figure 2.29, the single features as 

well as the distance between them are significantly smaller than the wavelength of visible light. 

Therefore the fabrication of these structures represents a critical issue in metamaterial research. 

Most of the methods employed in order to realize such small features rely on top-down 

approaches. Among them, e-beam lithography,160, 162 interference lithography155 and direct laser 

writing164 represent the most commonly used techniques. Recently, a very convenient method to 

fabricate large areas (up to 75cm2) of double-fishnet structures has been proposed.165 This 

process is based on nanotransfer printing and uses a lithographically patterned stamp to deposit a 

metamaterial onto a desired substrate with the possibility to reuse the stamp for subsequent 

depositions. Bottom-up techniques however could provide a serious advantage over the state of 

the art techniques in terms of lower fabrication costs and a higher throughput. Electrochemical 

deposition into anodized alumina templates has proved to be a feasible strategy to fabricate NIMs 

resulting in periodically ordered arrays of metal nanowires.157   

The first fabricated NIMs consisted of a single or a very low number of active layers with 

thicknesses in the sub-micrometer range making it difficult to measure material parameters in 

this thin 2D material. These metamaterial structures are also too small to serve in real world 

applications. Therefore a goal in metamaterial research consists in fabricating thicker 3D 

structures which would justify the use of the term "bulk" metamaterial. However, a general 

problem encountered in metamaterials represent the losses. All the different structures discussed 

so far rely on the use of metals in combination with a dielectric material. The basic problem with 

metals is their strong absorption of light especially in the near-infrared and optical domain of the 

electromagnetic spectrum. The relative permittivity    as well as the permeability   and 

consequently also the refractive index   can be expressed by a real and an imaginary part, as 

shown in equation 2.13. 



2 - Colloidal crystals 

 

37 
 

                       (2.13) 

The imaginary part describes the loss of electromagnetic radiation in the material. The figure of 

merit (FOM), defined as   /      represents a measure of the efficiency of metamaterials 

concerning its radiation loss. A metamaterial exhibiting low losses will show a high FOM. For 

example, a value of FOM = 3 is equivalent to a loss of more than 35% of the initial light intensity 

after passing a distance of a quarter of the wavelength inside the material (for  = 600nm this 

corresponds to a distance of d = 150nm).151 In this context it is important to know that a value of 

three for the FOM is among the best values achieved in metamaterials,158, 161 even though very 

recently a value of eight was reported in the literature.165 For practical applications of 

metamaterials these losses are still too high. Besides the possibility to reduce the losses by further 

optimization of the metamaterial design,163  one can also introduce gain into the structure. As 

recently shown the incorporation of fluorescent dye molecules into a NIM can lead to a significant 

increase of the transmitted light intensity and so to higher FOMs.166 Therefore the intermediate 

alumina layers in a double fishnet structure first were etched away in order to be replaced by an 

epoxy composite which contained the dye. Care had to be taken that the emission wavelength 

was matched to the operating frequency of the NIM. Although in this case researchers were able 

to increase the FOM from one to a value of 26, the pulses needed to pump the dye resulted in 

photobleaching after a short period of time, which still demands the search for sustainable 

solutions.    

When research based on metamaterials would succeed to produce sufficiently big bulk structures 

with low radiation losses, some remarkable applications could be realized using these materials. 

The most appealing among them represents the realization of a superlens, which first was 

theoretically described in the year 2000 by Pendry167 In classical optical lenses the smallest 

feature that still can be resolved is of the order of half of the wavelength of the incident light. 

When a planar slab of a NIM is used as the lens, not only the propagating waves but also 

evanescent waves can contribute to resolve the fine details of the object.146 As shown in Figure 

2.30a) the details of small objects such as DNA could be resolved by using negative index 

metamaterials. These superlenses however are limited to near-field imaging and work only at a 

single wavelength which represents a considerable drawback. Imaging beyond the diffraction limit 

already has been reported using thin silver slabs168 or a superlens based on SiC,169 although these 

materials did not exhibit a negative refractive index.  
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Figure 2.30:   Applications of metamaterials. a) A superlens could perform high resolution of an image.
150

 b) Principle of 
the cloaking of an object. 

 

Another application in the field of transformation optics represents the realization of cloaking 

devices based on metamaterials. In 2006, two publications showed theoretically, that being able 

to design the permeability and the permittivity of a material at will would allow to bend light 

around an object without being absorbed or reflected by it.170, 171  As the cloaked object shows no 

interaction with the electromagnetic radiation it would appear invisible to an observer (see Figure 

2.30b). Five months after the theoretical prediction the first cloaking device based on SRR was 

experimentally shown for microwave frequencies.172 Up to now several other demonstrations of 

successful cloaking with NIMs were provided in the near infrared regime of the electromagnetic 

spectrum with 2D173, 174  and 3D structures.175 Although many scientists predicted this effect to be 

restricted to a single wavelength, broadband cloaking over a range of frequencies was 

observed.174-176 However, the spot size that effectively could be hidden from interacting with 

electromagnetic radiation was very small, in the order of some µm2. And there is considerable 

doubt among the scientific community if one will ever be able to cloak macroscopic objects using 

metamaterials.177 

In the following we`ll explain how the templates obtained by LB can be infiltrated with different 

materials and finally can lead to interesting devices not only in the context of metamaterials but 

also for many other applications including electrochemical or optical sensors, displays, energy 

conversion and storage devices, miniaturized cells or plasmon-enhanced metallic nanostructures. 
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3 Macroporous electrodes by infiltration of colloidal templates 

 

In many cases colloidal crystals are not used directly for a certain application, they rather serve as 

templates for the fabrication of 3-dim ordered macroporous materials. There are several reasons 

which account for this. Inverse opals represent a mechanically more robust material than colloidal 

crystals. In the latter cohesion between the assembled spheres may get lost simply by plunging 

them into a liquid medium. The transformation of colloidal crystals into their inverse replicas also 

offers the possibility for new functionality. As discussed in chapter 2.4, it is not possible to achieve 

complete photonic band gaps with colloidal crystals except if the spheres are arranged in the 

diamond lattice. In inverse opals, however, the situation is different, owing to the lower filling 

ratio being with 26% instead of 74% for the ideal fcc lattice considerably lower. Choosing high 

refractive index materials (n   2.85, e.g. silicon) for the formation of the inverse structure 

therefore allows complete photonic bandgaps in these materials.44, 134 Besides multiple 

applications in the optical domain, these 3-dim ordered macroporous materials are also 

interesting as electrode materials which offer a high active surface area required in sensors, 

catalytic and energy-related applications. A structure is considered as macroporous, when the 

pore size exceeds 50nm, pores with 2-50nm are considered as mesopores whereas pores smaller 

than 2nm are termed microporous.      

The general steps involved in transforming a colloidal crystal into its inverse structure are shown 

in Figure 3.1.  

 

 

Figure 3.1:   Fabrication steps in colloidal crystal templating. The void space in a colloidal crystal is infiltrated with 

another material. Removal of the template is achieved by calcination or dissolution of the colloidal spheres. As a result 

an inverse opal structure composed of interconnected air spheres which are embedded in the infiltrated material is 

obtained. 
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After assembling an ordered array of spheres on a substrate the void space present in the 

colloidal template can be filled with another material. Different techniques exist that allow 

efficient infiltration relying on precursors either in liquid or gaseous form. The choice of the 

adequate technique here is crucial for the final properties of the inverse structure as it will 

depend strongly on the employed infiltration method. Once the infiltration is terminated, the 

template can be removed by calcination or dissolution revealing a 3-dim ordered macroporous 

material.   

Some general points regarding colloidal crystal templating may be addressed before discussing 

the different infiltration techniques. It has to be assured that the colloidal sphere template 

provides enough stability to allow its infiltration in liquid environments. To further stabilize the 

template structure it may be sintered. This results in a neck formation between neighboring 

spheres driven by surface energy minimization and eventually to a merging of the spheres. It is 

important to control this step by adapting the temperature and sintering time, because otherwise 

the void space can get too reduced to allow infiltration of the template. Combining sintering with 

a subsequent etching step also allows to fabricate non closed packed opals.178 In order to allow 

the spheres to be removed after the infiltration, the etching solution has to be able to access the 

beads. Therefore the colloidal crystal should only be partly filled with material not exceeding the 

top layer of the template. This may be difficult to control in certain top-down based infiltration 

methods. The removal of the template generally occurs in dilute hydrofluoric acid for silica 

spheres and in appropriate solvents (e.g. toluene, dichloromethane or acetone) or by calcination 

for latex spheres.   

In  

Figure 3.2 two different inverse opal structures, that are obtained by colloidal templating, are 

schematically shown.  

 

Figure 3.2:   Schematic diagrams of a surface-templated material (left) and a volume-templated material (right).
179
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The structure on the left shows a surface-templated structure. Here the precursor interacts 

strongly with the spheres during the infiltration resulting in skeletal walls that follow the 

curvature of the original spheres.179 In this case only part of the template is filled by the infiltrated 

material. On the right of  

Figure 3.2 a typical example for a volume-templated material is depicted. Contrary to surface 

templating, all the available void space is filled by the infiltrating material so that the inverse 

structure is the exact cast of the original colloidal template. Which of both structures is present in 

inverse opals depends on both, the employed infiltration method and the degree of interaction of 

the precursor with the sphere material. Also mixtures of both cases are possible. For a given 

infiltration technique, one may switch from one structure to the other by changing either the 

precursor or the chemical nature of the spheres. These small structural differences also have 

influence on the optical properties of inverse opals e.g. the band structures in photonic crystals 

and hence have been subject of detailed research.179-181        

 

3.1 Overview over different infiltration techniques 

 

3.1.1 Gaseous precursor infiltration  

 

Among the techniques that employ precursors in gaseous form the standard method for the 

infiltration of opals represents chemical vapor deposition (CVD). CVD is widely used in 

semiconductor processing to deposit thin coatings of silicon, metals and insulation layers on 

silicon on semiconductor wafers. In order to deposit thin films by CVD at least one gaseous 

precursors is introduced into a reaction chamber and condenses at the surface of a heated 

substrate. Substrate temperatures typically are in the range of 500 - 1000°C. CVD equally is known 

to result in uniform deposits even on complex 3-dim cavities, which makes it a suitable technique 

for the infiltration of colloidal crystals. In contrast standard physical vapor deposition (PVD) 

methods including sputtering or e-beam evaporation would result only in film deposition on top 

of the colloidal crystal which were used in the fabrication of 2D nanostructured metal films.182 

CVD generally is performed under reduced pressure in order to avoid undesirable reactions to 

take place in the gas phase including condensation reactions of gas molecules before they reach 

the surface of the substrate. The high temperatures involved in the process necessitate a 

temperature stability of the substrates. This excludes polymer particle assemblies from being 

infiltrated by CVD and bringing into focus silica based colloidal crystals. A variation of the process 

employs a plasma to increase the chemical reaction rates of the precursors enabling to lower the 
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reaction temperatures in plasma enhanced CVD (PECVD). Figure 3.3 shows some examples for 

inverse opals that were produced by chemical vapor deposition methods. Figure 3.3a) - c) all 

reveal the typical structure observed for surface-templated inverse opals (see also  

Figure 3.2 left). 

 

Figure 3.3:   SEM images of inverse opal structures produced by CVD. a) Tungsten inverse opal showing the typical 
surface-templated structure.

179
  b) Graphitic replica of an opal prepared by PECVD.

183
  c) Si inverse opal obtained by low 

pressure CVD at temperatures slightly below 580°C.
44

 

 

Gaseous precursor flows through the substrate and reacts at the surface of the spheres leading to 

a uniform coating. However colloidal templates are not filled completely by CVD, as access to the 

void space in the template gets restricted for the gas flow as soon as a certain deposition 

thickness is reached. Figure 3.3a) shows an example in which only a thin tungsten film has been 

deposited onto the colloidal template. After removal of the latter a crystalline assembly of hollow 

spheres with air cavities at the points where the colloidal spheres have been in contact is 

obtained. Figure 3.3b) depicts a graphitic inverse opal with similarly low filling fractions, showing 

the inner surface of a hollow sphere array. High filling ratios using CVD are generally accompanied 

by an overgrowth of material covering the top layer of the colloidal template which is illustrated 

in Figure 3.3c). This makes the removal of the template difficult as the access for the etching 

solution to reach the spheres is blocked. The excessively deposited material therefore first has to 

be removed. Ion milling using a focused ion beam provides a costly but well suited technique to 

ablate nanometer thick films in a controlled manner.184 The materials deposited by CVD are 

amorphous, which requires heat treatment for several hours at temperatures where 

recrystallization in the material occurs.44 Using CVD a range of materials can be infiltrated into 

opals including semiconductors (Si, Ge, InP, etc.), 13, 44 carbon based materials,183, 185 or oxides.186, 

187 Recently, a variation of the CVD process has been applied for the infiltration of colloidal 

crystals permitting high control over the thickness of the deposited material.184, 188, 189 In atomic 

layer deposition (ALD) different gaseous precursors are alternatively applied by a pulsed 

deposition. In between of the pulses a purging step allows to remove non-chemisorbed material. 

For example, a TiCl4 layer, which has been chemisorbed at the surface of the substrate in a 
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previously applied pulse will react with the H2O precursor provided by a second pulse, resulting in 

an atomic layer of TiO2.
184 In this way the desired thickness is reached by a layer-by-layer 

deposition. As the process is self-limiting, ALD allows to deposit materials including TiO2, WN and 

ZnS at a resolution of atomic layers.13    

3.1.2 Liquid precursor infiltration 

 

Inverse opals of various materials can also be obtained by infiltrating opals with liquid precursors. 

One can distinguish the different techniques by the type of medium used to infiltrate the opal 

including molecular precursors, sols, nanoparticle suspensions and molten media. The sol-gel 

process represents a versatile and commonly used technique in order to infiltrate opals. Here, 

metal alkoxide precursors infiltrate the void space of the opal and start a sol-gel process.190, 191 

Alternatively, the sol can be prepared before the infiltration and the sol-gel process is completed 

in the opal.13, 192 The infiltration and reaction mechanism can be repeated several times in order 

to increase the filling fraction in the opal.191 Once the infiltration is terminated the polymer 

template is removed by calcination which eliminates eventual remains of solvent and stabilizes 

the inverse opal structure. This process is accompanied by shrinkage of the structure (up to 

40%)13 and mass transport leads to a reorganisation of material in the structure. Typical inverse 

opal structures obtained by a sol-gel based infiltration technique are shown in Figure 3.4 a) and b). 

In these examples volume-templating in combination with material reorganisation during the 

sintering produced a skeletal structure with nearly rod-like struts.179 Volume-templated inverse 

opal structures also could be obtained using sol-gel based infiltration.193 The electrostatic 

interactions between the colloidal template and the precursor solution as well as the conditions 

during hydrolysis, drying and condensation represent important parameters influencing the final 

structure of the inverse opal.179 Despite considerable drawbacks of the process involving the 

roughness of the inverse structure (~10nm), low filling fractions (about 12%) and the volume loss 

associated with the shrinkage, sol-gel based infiltration represents a very versatile technique. 

Besides the well studied oxide systems including TiO2, ZrO2, SiO2 and Al2O3
116, 190, 191 also 

carbides194  and even inverse opal doped with metals can be realized.194, 195      
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Figure 3.4:   SEM images of inverse opals produced by infiltration with liquid precursors.  a) Tungsten inverse opal with 
skeletal structure.

179
  b) Inorganic skeleton of a macroporous zirconium oxide sample after calcination.

190
  c) PMMA 

inverse opal with 24 layers after monomer infiltration, UV-polymerization and removal of the silica template.
196

 

 

Polymer inverse opals can be fabricated by infiltrating colloidal crystals with monomers followed 

by a polymerization of the monomers by exposure to UV light 196, 197 , heating 198 or catalyzed 

polymerization.199 Using this approach different polymers including PU (polyurethane), PMMA 

and PS can easily be fabricated.196-199 The same strategy was employed to produce inverse opals 

of conjugated polymers leading to electrochromic devices with enhanced switching times.200 A 

simplification towards a one step process was proposed by Yan et al., who mixed the precursor 

directly with the colloidal suspension in order to form an ordered crystalline assembly of the 

mixture on a water surface.201 The cross section image of a PMMA polymer inverse opal is 

depicted in Figure 3.4c). A shrinkage of 20 to 30% was reported to result from polymerization of 

the monomers.196 

Alternatively metallic or semiconducting materials can be infiltrated in the molten state into opals 

when the melting temperature is low enough. The infiltration of molten selenium into a colloidal 

crystal led to an inverse opals with a high refractive index contrast interesting for an application in 

photonic crystals.202  

Another strategy consists in using nanoparticles to infiltrate colloidal crystals. The nanoparticles 

have to be sufficiently small to allow the infiltration of the void channels in the opal (about a 

tenth of the diameter of the void channels).13 In this way the shrinkage was considerably reduced, 

as the nanoparticles already were in their final chemical form. This approach enables inverse 

opals to be fabricated from a variety of materials including metals, oxides or semiconductors. 116, 

203, 204 Recently transparent macroporous electrodes from antimony doped tin oxide (ATO) have 

been fabricated in this way.204 This technique may further be simplified by mixing colloidal 

spheres with nanoparticle suspensions in order to co-assemble "filled" opals from bi- or 

multimodal dispersions.205, 206 A heating step may provide structural stability to the crystalline 

assembly prior to the template removal. With this method very complex metallodielectric inverse 

opals can be obtained by using core shell nanoparticles possessing a metallic core and a dielectric 
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shell or the other way round.207 The use of microfluidic devices allowed to break bi-modal 

suspensions of polystyrene and silica spheres into separate droplets resulting in very uniform 

porous microspheres after the drying and calcination of the samples.208  

 

3.1.3 Infiltration via electrochemical deposition  

 

The void space in a colloidal crystal template equally may be filled using electrochemical 

deposition. A typical setup for electrodeposition experiments consists of three electrodes, a 

working (WE), a counter (CE) and a reference electrode (RE) that are connected to a direct current 

power supply. The electrodes are immersed into an electrolyte solution which contains species 

that may be deposited by reduction (e.g. metal ions) or oxidization (e.g. monomers) on the 

working electrode. The driving force for the redox process is provided by a potential or a current 

which is applied to the working electrode in potentiostatic or galvanostatic mode, respectively. 

The substrate containing the colloidal template serves as the WE and thus needs to be electrically 

conductive. The application of adequate potentials at the working electrode leads to a film 

growth at the surface of the electrode. Contrary to the methods described in the chapters 3.1.1 

and 3.1.2, the filling of the void space here starts at the bottom of the template proceeding 

towards the surface. This is quite convenient as it allows to stop the electrodeposition at the 

desired filling level and avoids overgrowth of material over the top surface of the template. In 

most cases, the entire void space of a colloidal crystal is filled by the electrodeposited material, 

hence leading to volume-templated inverse opal structures (see  

Figure 3.2 right). As a consequence, high filling fractions are achieved during in the 

electrochemical infiltration of opals. Additionally, the shrinkage, if involved in the process, is 

insignificantly small compared to sol-gel techniques, as the electrodeposited material already is in 

its final chemical form. This results in inverse opals with a good mechanical stability.  

 

 

Figure 3.5:   Inverse opals produced by electrochemical deposition. a) Cross-section of a nickel inverse opal with nine 
and a half-layers. 

209
  b) Top-view of a conducting polymer inverse opal produced by electrodeposition of  poly(3,4-

ethylenedioxythiphene) (PEDOT). 
210

 c)  Top-view of a germanium inverse opal fabricated by electrochemical deposition 
in an ionic liquid. 

211
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In some conducting polymer inverse opals also surface-templated structures were observed. 210, 

212 Figure 3.5b) shows a poly(3,4-ethylenedioxythiphene) (PEDOT) inverse opal possessing small 

air gaps at the connecting points between neighboring air cavities. These gaps are due to the  

growth of the polymer happening preferentially around the sphere template guiding the film 

deposition. This guiding effect was attributed to the electrostatic interactions between the 

radicals formed during the polymerization and the surface groups of the colloidal spheres.210 

Figure 3.5c) gives an example of a volume-templated inverse opal structure in which the 

electrodeposition was stopped exactly at a half height of a sphere layer. The three dark spots 

inside of each macropore correspond to the areas where spheres of an underlying layer were in 

contact with the top layer spheres. Here the colloidal template has been completely filled with 

germanium. Figure 3.5a) shows the cross-section of macroporous nickel electrode with highly 

interconnected pores.  

A wide range of materials can be electrodeposited and was used to infiltrate colloidal crystals. The 

biggest group among them represents metallic deposits owing to the commercial availability of 

ready-to-use plating solutions providing a uniform film deposition in the colloidal template. 

Inverse metallic opals have been prepared  by electrochemical deposition from platinum,213-215 

gold,203, 206, 215-218 silver,219, 220 copper,213 nickel,209, 213, 221-226 cobalt,214, 222 palladium,214 bismuth,227 

antimony,228 and iron.222 Conducting polymers also can be grown into a colloidal template by 

electrochemical deposition. Inverse opals of conducting polymers were obtained from polypyrrole 

(PPy),212, 229, 230 polyaniline (PANi),212, 231 polythiophene (PT) 212, 230 and PEDOT. 210 Some 

semiconducting materials including Ge,211 CdS 232 and CdSe 232 have also used to infiltrate opals by 

electrodeposition. Additionally a range of metal oxide inverse opals has been fabricated by 

electrodeposition including ZnO,233, 234 WO3,
235 PbO2,

236 IrO2,
237 RuO2,

238 MnO239 and NiO,240 

completed by some inorganic/organic hybrid derivatives.241            
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3.2 Electrodeposition of metals in colloidal templates  

 

The gold coated glass slides onto which colloidal crystals had been previously assembled by the LB 

technique, were used in the following to fabricate macroporous metal electrodes.  

 

 

Figure 3.6: a) Schematic representation of the different steps involved in the fabrication of macroporous metal 

electrodes. Varnish is used in order to delimit the accessible area for the electrochemical deposition on the sample. b) 

Optical photograph of the gold coated glass slides after deposition of the colloidal template (middle) and at the end of 

the whole process (right).      

 

The fabrication steps including colloidal template assembly, metal electrodeposition and removal 

of the inorganic template are schematically illustrated in Figure 3.6a). Here, the sides and the 

parts on the gold coated glass slides where no colloidal template has been deposited, were 

covered with varnish in order to exclude these regions from participating in the electrodeposition 

process. A conductive wire was soldered to the gold surface in order to facilitate the electrical 

connection of the sample. The setup which was used for the electrochemical deposition is 

schematically illustrated in Figure 3.7. In a classic three electrode setup the gold substrate with 

the colloidal template served as WE. A silver-silverchloride electrode (Ag/AgCl, sat. KCl) was used 

as RE and a platinum plate or mesh as CE. All electrodes were connected with a µ-Autolab Type III 

which provided a DC current supply and which was controlled by the software GPES. A counter 

electrode with a big surface area, at least double the size of the WE, was used in order to avoid a 

limitation of the electrodeposition process at the anodic part of the reaction. Both, working and 

counter electrode were placed parallel to each other at a defined distance in order to ensure 

homogeneous deposition rates throughout the whole sample area. 
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Figure 3.7:   Scheme of the setup used for the infiltration of colloidal crystals with various metals by electrochemical 

deposition. WE: working electrode; RE: reference electrode (Ag/AgCl); CE: counter electrode. 

 

By applying a sufficiently negative potential to the WE the electrodeposition process was initiated, 

provoking the reduction of metal ions accompanied by metallic film growth at the surface of the 

WE. The metallic deposit consequently filled the void space in the colloidal template. Once the 

desired thickness of the deposit was reached, the electrodeposition was stopped. The inorganic 

template was removed by immersing the sample for 5 minutes in dilute hydrofluoric acid (HF; 5% 

aqueous solution) resulting in a macroporous metal electrode. The picture in Figure 3.6b) shows a 

gold coated glass slide with the colloidal template (middle) and the macroporous gold electrode 

after electrodeposition and removal of the silica template (right).        

             

3.2.1 Gold electrodeposition into colloidal templates 

 

For the electrodeposition of gold into the void space of colloidal templates the commercial gold 

bath ECF 60 (Metalor) was used. In Figure 3.8 the different plating baths together with aqueous 

solutions of metal ions employed in this work have been compared using cyclic voltammetry. In 

the cyclic voltammograms (CVs) the onset potentials for the reduction of the different metal ions 

can be determined. By comparing the CVs of the aqueous gold chloride solution and ECF 60, one 

notices, that considerably more negative potentials have to be applied to the commercial gold 

solution in order to reduce the gold ions than in the case of the solution containing the gold salt. 

The reason for this high overpotential is the presence of different additives in the plating solution 

aiming to inhibit uncontrolled 3D growth and to favor a smooth 2D growth process. As described 

in previous works, we used a potential of -660mV vs. Ag/AgCl in order to reduce AuSO3
2- ions, 

contained in the plating solution, to metallic gold.217, 218, 242 
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Figure 3.8:   Cyclic voltammograms performed in commercial plating solutions and aqueous solutions containing a metal 

salt with a gold coated glass slide as WE. The different onset potentials for the electrodeposition of metallic films are 

illustrated by the dashed vertical lines.   

 

The intensity of the faradaic current during amperometric deposition was measured as a function 

of the electrodeposition time and is shown in Figure 3.9. Here, we were able to observe very 

regular current oscillations during the infiltration of the colloidal templates with gold. The main 

parameters, which affect the current intensity during potentiostatic deposition, are the applied 

electrode potential, the composition and temperature of the plating solution and the active area 

of the WE. As the potential was kept constant during the electrodeposition and the electrolyte 

composition and temperature changed only insignificantly in the course of an experiment, the 

faradaic current response depends exclusively on the active surface area of the WE. Deposition 

performed on a smooth electrode without a colloidal crystal on its surface hence is expected to 

result in a constant response of the current intensity. The presence of a colloidal template on the 

surface of the electrode however leads to current oscillations (see Figure 3.9) that are caused by a 

periodic variation of the surface area that is available for the electrodeposition in the colloidal 

template.  

During the early stages of the electrodeposition in Figure 3.9, the metal film nucleation adds a 

certain amount of surface roughness to the electrode and hence increases its active area. The 

absolute value of the current therefore increases and reaches a maximum, corresponding to the 

first local minimum in the plot since the current is negative. The value of the absolute current 

decreases in the following as the metal film begins to fill the void space of the first bead layer. 

Here, the surface area accessible for the growing film gets more and more restricted in the 
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colloidal template and finally reaches a minimum, when the growth front attains the half height 

of the first bead layer. Consequently also the absolute current attains a minimum at this point, 

corresponding to the first local maximum in Figure 3.9. The half-layer gold filling level in the 

colloidal template is illustrated by the corresponding inset in Figure 3.9. From this point on, the 

upper half of the first bead layer in the template will be filled with electrodeposited gold.  

 

 

Figure 3.9:   Current oscillations observed during potentiostatic gold deposition at E = -660mV into a colloidal crystal 
template with a sphere size of 395nm. Absolute current minima corresponding to different half-layer gold filling levels 
in the template and absolute current maxima to full-layer filling levels with gold.  

          

Contrary to the previously described period, the space between the neighbouring spheres here 

continually increases providing a greater surface area for the growing metal film. The absolute 

value of the current consequently increases, up to the point, where the film reaches the bottom 

of the second sphere layer in the template. This results in an absolute current maximum which 

corresponds to the second local minimum in Figure 3.9. The void space of the first bead layer here 

is completely filled with gold (see corresponding inset in Figure 3.9). The whole process, here 

described in detail for the infiltration of the first bead layer, continues for the filling of succeding 

sphere layers and results in well pronounced oscillations of the recorded current response. 

Infiltration into colloidal crystals therefore can be regarded as an electrochemical deposition 

where the surface area of the WE periodically changes througout the experiment.         

These oscillatians represent a very convenient feature because they allow to perfectly control the 

filling of the void space in colloidal crystals with an accuracy that can reach a few nanometers. 

Obviously, as illustrated by the different insets in Figure 3.9, one can stop the electrodeposition at 
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half- or full-layer filling levels which results either in completely open or almost fully closed pore 

structures, respectively, after removal of the colloidal template. As the electrodeposition can be 

stopped at any time between the local extrema, very good control is provided over the final 

structure of the inverse opal. In order to ensure best possible access of the solution to the 

macroporous structure, the electrodeposition generally was stopped at a half-layer filling level 

resulting in a complete opening of the pore mouths at the electrode surface.   

 

 

Figure 3.10:   Amperometric electrodeposition of gold into colloidal crystal templates at E = -0,66V. Oscillations 
obtained for the infiltration of a) 49 half-layers (bead size 295nm) and b) 31 half-layers (bead size 600nm) of gold into 
the templates.  

 

Oscillating currents during amperometric electrodeposition into colloidal crystal templates have 

been reported before by several authors including preceding works performed in our group. 209, 217, 

221, 224, 242 The appearance of this phenomenon is coupled to two crucial parameters requiring both, 

a well organized colloidal crystal structures combined with the uniform growth of the 

electrodeposited material. As shown by the oscillations in Figure 3.9, the intensity decreases the 

longer the electrodeposition time and the more void space in the template gets filled by the metal. 

The cause for the gradual decrease of the oscillation amplitude can be twofold. A lack of 

organization in the sphere layers and electrodeposited material not growing homogeneously 

throughout the template are both leading to the situation, that the synchronization between the 

factors increasing or decreasing the global current response gets lost in the course of the 

infiltration so that the oscillations finally are "canceled out". Nevertheless, we were able to 

observe an oscillating current response during the infiltration of colloidal templates for up to 25 

sphere layers and deposition times exceeding one hour (see Figure 3.10a and b). Such results 

confirm that the packing of sphere layers in colloidal templates produced by the LB technique is 

very regular. In the corresponding literature the oscillations cancel out much faster and could be 

observed in the best case only up to a filling level of 10 sphere layers. 209 In Figure 3.10 the current 
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density j, which corresponds to the measured current intensity divided by the geometric surface 

area of the sample, has been plotted as a function of the electrodeposition time facilitating the 

comparison of the results obtained for samples with different surface areas.  

 

 

Figure 3.11: a) Chronoamperometric curves for the electrodeposition of gold into colloidal crystals with a different 
sphere size. The two arrows represented in each curve correspond to the filling of 3/2 (1st arrow) and 11/2 layers (2nd 
arrow) of the template with gold. b) Plot of the oscillation period obtained from the results shown in a) as a function of 
the colloidal sphere size of the template. 

By comparing Figure 3.10a) and b), one notes that the frequency of the current oscillations 

changes when the sphere size of the colloidal template changes. By geometrical considerations 

the oscillation frequency should be doubled when spheres with a two times smaller diameter 

form the template, supposing a constant metal deposition rate during different template 

infiltrations. In Figure 3.11a) four different chronoamperometric curves are compared showing 

the infiltration of gold into different colloidal templates, that are composed of different sphere 

diameters. It is found that the frequency of the oscillations decreases when templates composed 

of bigger spheres are infiltrated. The arrows added in Figure 3.11a) indicate that three (first arrow) 

and eleven (second arrow) half-layers of the template have been filled with gold. For bigger 

sphere sizes the corresponding arrows are shifted towards longer times, the frequency decreases 

and the oscillation period increases. Based on the data of Figure 3.11a), one can plot the 

oscillation period as a function of the sphere size in the template shown in Figure 3.11b). A linear 

relation is found between sphere size and oscillation period (or frequency) in accordance with 

theoretical considerations.   
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Figure 3.12:   SEM images of macroporous gold electrodes obtained by electrochemical deposition. a) Cross section of a 
colloidal structure (d=1200nm) where two layers have been filled with gold. b) Top view onto three half-layers of 
macroporous gold (d=600nm). c) Cross section of a macroporous gold electrode with 49 half-layers (d=295nm); The 
corresponding amperometric curve is shown in Figure 3.9a). d) Larger view of c) with the inset showing a picture of the 
sample (geometric area of the macroporous deposit ~1cm

2
).  

 

Figure 3.12 illustrates SEM images of several macroporous gold electrodes. In Figure 3.12a) an 

electrode cross section of a two-layer template is shown which has been filled with gold. As 

expected, the whole volume in the template has been filled with gold resulting in volume-

templated structures. At the black spots which lie inside the macropores, no metal was deposited 

because touching spheres prevented the electrolyte solution from accessing these areas. After 

template removal these spots will become the interconnection points between neighbouring 

macropores. Figure 3.12b) provides a top view of a macroporous gold electrode with a thickness 

corresponding to one and a half pore layers. Here, macroporous domains with a perfect 

organization are disturbed by some defects in the structure which is in accordance with the 

colloidal template structure discussed previously in Figure 2.14b). Figure 3.12c) and d) show the 

cross section of the macroporous gold electrode which corresponds to the amperometric 

deposition curve in Figure 3.10a). Both SEM images confirm the uniform thickness of the 

electrode which consists of 49 half-layers of macroporous gold.  
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3.2.2 Electrodeposition of copper, nickel and platinum in colloidal templates  

 

Besides gold also other metals including copper, nickel and platinum have been deposited into 

colloidal templates. For the electroposition of copper and nickel, commercially available plating 

solutions have been employed (Copper: Cubrac 660, Nickel: Crystal 501; both Coventya). Platinum 

was electrodeposited from an aqueous solution containing 60mM hexachloroplatinic acid (H2PtCl6) 

and 0.1 wt-% of the anionic surfactant sodium dodecyl sulfate (SDS).243 Cycling voltammetry 

experiments gave a first indication of the potentials required to reduce the corresponding metal 

ions in these electrolytes (see Figure 3.8). Additionally, electrodeposition at different applied 

potentials was performed for each electrolyte solution in order to find the adequate potential 

leading to smooth and homogeneous film growth. For nickel and platinum, straight forward 

conditions were found for applied potentials of - 0.93V and + 0.142V 244 vs. Ag/AgCl, respectively. 

In contrast to Pt and Ni deposits, electrodeposited copper films (applied potential: + 0.05V) 

showed a very rough surface structure. It was therefore not possible to observe current 

oscillations during the amperometric deposition of copper into colloidal templates. The film 

growth of nickel and platinum in the colloidal template however proceeded homogeneously and 

smoothly enough that oscillations in the current response could be observed. In Figure 3.13a) a 

colloidal template composed of 10 layers with a sphere diameter of 325nm was filled with 17 half-

layers of platinum. The measured current here showed similarly regular oscillation profiles as the 

ones previously observed during potentiostatic gold infiltration. As a consequence the filling level 

of the colloidal template with platinum could be perfectly controlled. Figure 3.14a) shows the 

cross section image of the same electrode after platinum had been deposited into the template. It 

turns out, that exactly eight and a half-layers of the template have been infiltrated with platinum 

which is in perfect agreement with the results shown in Figure 3.13a). In Figure 3.14b) the silica 

template has been etched away resulting in the macroporous platinum film electrode. The 

thickness of the film is perfectly uniform and the pore layers are well organized in the sample. By 

looking closely one can see black air spots inside the macropores that interconnect adjacent pores.  
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Figure 3.13:   Amperometric electrodeposition of a) platinum into a colloidal crystal template (10 sphere layers, 
diameter 325nm) at an applied potential of E = 0.142V. b) nickel into a colloidal template (10 sphere layers, diameter 
738nm) at an applied potential of E = -0,93V.       

 

In Figure 3.13b) the current oscillations observed during the nickel infiltration into a colloidal 

template is illustrated. Here, as in the case of Pt, 17 half-layers of the template should be filled 

with nickel. The sphere size in the colloidal template however was with 740nm more than double 

the size of the one used in Figure 3.13a). At the beginning of the electrodeposition the first and 

second oscillations show a very regular form with high amplitudes. Already the third oscillation is 

less pronounced and a big part of the oscillation amplitude is lost. Nevertheless, oscillations are 

visible until the deposition process is stopped corresponding to a filling level of slightly more than 

eight sphere layers. The relatively fast loss in the oscillation amplitude during the electrochemical 

infiltration may be due to an irregular sphere layer stacking in the colloidal template. Figure 3.14c) 

shows the electrode cross section after the filling of the template with nickel. The top surface of 

the template here is found to be very uniform providing no direct evidence of irregular packing of 

the sphere layers in the colloidal crystal. In order to identify the reason for the less regular 

oscillations observed in the case of nickel infiltration further electrodeposition experiments are 

necessary. In Figure 3.14d) the macroporous nickel electrode is shown. The thickness as well as 

the organisation of the pore layers here seem less uniform than in the case of porous platinum 

films. As the gold coated glass electrodes are broken in order to allow cross-section images to be 

made, the fracture surface may be more or less intact after the breaking process providing rarely 

a view on a single plane in the sample. In the case of the macroporous nickel film shown in Figure 

3.14d) the cross-section image seems to contain different planes of the sample pretending the 

structure to be less ordered.   
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Figure 3.14:   SEM cross section images of nickel and platinum films electrodeposited in colloidal templates. a) Platinum 
film infiltrated into a colloidal crystal (10l. of 325nm). b) Same structure as in a) but without the colloidal template. c) 
Nickel film electrodeposited into a colloidal crystal (20l. of 738nm). d) Same as in c) but without colloidal template. 

 

3.2.3 Electrochemical characterization of macroporous metal electrodes 

 

Macroporous metal electrodes possess a greater surface area than their non porous analogues. It 

is this gain in active electrode surface which makes macroporous materials interesting for 

different kind of applications including energy storage and conversion, electrocatalysis and 

electroanalysis. Some examples for the application of macroporous electrodes will be given in 

chapter 3.4. In this context the determination of the active surface area presents an important 

property in order to characterize the macroporous material. There are different ways to 

determine the real surface area of metal electrodes by using electrochemical techniques. 245 The 

choice of the most appropriate method depends on the type of metal that is characterized. For 

metals including Pt, Rh and Ir, hydrogen adsorption is typically used to determine the real 

electrode area. Prior to H2 evolution at sufficiently negative applied potentials a monolayer of 

hydrogen atoms is adsorbed onto the electrode surface. Assuming the adsorption of one 

hydrogen atom on each metal atom, the charge associated to the hydrogen ad- or desorption 
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peak allows to calculate the number of metal ions at the surface of the electrode hence its active 

surface area. In a similar way oxide monolayer formation and its reduction on electrode surfaces 

can be used to determine active electrode areas. This represents the standard method that is 

used for the electrochemical characterization of gold electrodes. The potential here is cycled in 

between fixed values leading during the anodic scan to the formation of a complete oxide layer 

on the gold surface which then is fully reduced in the cathodic cycle. The charge which is 

associated with the reduction of the oxide layer allows to calculate the real surface area of the 

electrode, assuming a value of 390  10 µC/cm2 for a smooth polycrystalline gold surface. 245  

Cyclic voltammograms performed in 0.5M sulfuric acid with smooth and macroporous gold 

electrodes are shown in Figure 3.15a). Macroporous electrodes with the same pore size but a 

different number of pore layers have been compared with a smooth gold electrode in this plot. 

The potential was cycled in between limits of 0V and 1.5V. Gold oxide formation started above 

1.1V and the reduction peak in the cathodic scan was situated around 0.9V. The measured current 

has been divided by the geometric surface area of the sample in order to be able to compare the 

obtained results quantitatively. 

 

 

Figure 3.15:   Characterization of macroporous gold electrodes by cyclic voltammetry in 0.5M sulfuric acid. a) 
Comparison of macroporous gold electrodes with increasing number of pore layers (3, 7 and 11 half-layers) with a non 
porous gold electrode. b) Three macroporous electrodes with the same number of pore layers (11 half-layers) but 
different pore sizes are compared.  

 

As one would expect, the intensity of the oxidation and the reduction peaks are considerably 

higher for the macroporous electrodes compared to the flat gold sample and are gradually 

increasing as the number of pore layers in the sample increases. In Figure 3.15b) the CVs of three 

macroporous gold electrodes with the same number of pore layers but different pore sizes are 

compared. Although the absolute film thickness is by more than a factor two higher for the 

sample with 600nm pores compared to the one with 240nm pores, the observed peak intensities 
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in the different curves all are approximately at the same level. But it also has to be considered 

that the pore density and hence the gain in surface area in a given volume of porous material is 

increased when the pore size decreases. By geometrical considerations the factor by which the 

active surface area is increased in macroporous materials can be determined.218 This factor will be 

referred as to the theoretical roughness factor    , which is given in equation 3.1. 

     
 

 
         (3.1) 

As   in equation 3.1 corresponds to the number of pore layers in the macroporous material, the 

increase of surface area in macroporous materials consequently only depends on the number of 

porous layers and not on the pore size. This is in perfect agreement with the results shown in 

Figure 3.15b). The active surface area of samples with a higher number of porous layers (31 and 

49 half-layers) also was determined as shown in Figure 3.16a). Here the peak currents are further 

increased for the macroporous samples, which results in barely visible peaks for the bare gold 

sample at this scale (see inset Figure 3.16a). 

  

 

Figure 3.16:   Characterization of macroporous gold electrodes by cyclic voltammetry in 0.5M sulfuric acid. a) Compared 
are a smooth electrode and two macroporous electrodes composed of 31 and 49 pore half-layers. b) Wetting effect in 
macroporous electrodes: CVs of the sample composed of 49 half-layers after storage for more than a month in air (dry), 
after immersion for five minutes in HF (5 vol-%) and for one minute in piranha solution (75 vol-% H2SO4, 25 vol-%H2O2).  

 

In order to evaluate the increase in active surface area in a quantitative way, the roughness factor 

  and the active surface area has been determined for the different samples and is shown in 

Table 3.1. For a 49 half-layers thick macroporous gold film the roughness factor reached a value of 

88, meaning that the initial geometric surface area of 0.64cm2 has been multiplied by this value 

resulting in an active surface area of more than 55cm2 in the macroporous gold electrode.  
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Pore layers              
on the sample 

(pore size) 

Geometric 
sample area 

  
[cm2] 

Charge of the gold 
oxide reduction 

peak   
[µC] 

Roughness 
factor R 

= 
 

 
    

  

    

 

Real active 
surface area 
       

[cm2] 

3/2  (240nm) 0.7 1800 6.6 4.6 

7/2  (240nm) 1.68 8470 12.9 21.7 
11/2 (240nm) 1.68 14200 21.6 36.4 
31/2 (600nm) 0.96 21500 57.4 55.1 

49/2 (295nm) 0.64 22000 88.1 56.4 

Table 3.1: Calculation of the roughness factor R and the real active surface area Sr for macroporous gold samples with 
different number of pore layers.  

 

In Figure 3.17 the experimentally determined roughness factors are plotted as a function of pore 

layers in the material. An excellent correlation is found between the experimental and the 

theoretical values, the latter being represented by a straight line derived from equation 3.1.  

 

 

Figure 3.17:   The roughness factor as a function of the number of pore layers for macroporous gold electrodes. 
Correlation between the theoretical expected value (from purely geometric consideration) and the measured values. 

 

In some cases during our measurements the electrolyte solution did not penetrate into the whole 

existing pore volume and we obtained lower values for the active surface area than theoretically 

would have been expected (see Figure 3.16b). The rather hydrophobic nature of gold here might 

complicate the wetting of the interior pore volume. The air that is present in dry macroporous 

samples hence is "entrapped" inside the pores and a considerable part of the pore volume 

remains inaccessible to the solution. As illustrated in Figure 3.16 only a very small percentage of 

the real surface area is detected by CV in samples that have been stored in air for longer periods 

of time. Exposing these samples to hydrofluoric acid solution leads to a partial wetting of the 

inner pore structures and the redox peaks in the CV increase. Immediate wetting of the whole 
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pore structure is attained by immersing the samples into piranha solution so that peak amplitudes 

in the CV reach the theoretically expected values. It was also found during the CV measurements 

that the template not necessarily had to be removed in order to measure the active surface area 

in the sample. Silica spheres synthesized by the Stöber method contain a certain microporosity 

that allows the electrolyte solution to reach the gold surface by passing through these pores. The 

CV shown for a sphere size of 395nm in Figure 3.15b) actually was obtained for a composite 

structure of gold deposited into the silica template. Despite the silica template still being present 

it was possible to determine the correct surface area by CV. For thick composite structures 

composed of gold and silica spheres the redox peaks of gold were found to be shifted, indicating 

that diffusion through the pores in the silica can become a limiting factor in the reaction. 

Additionally the amount of porosity present in silica spheres is a function of synthesis conditions 

and generally is the lower the bigger the size of the spheres. 

The active surface area of macroporous platinum films equally has been determined using cyclic 

voltammetry. In Figure 3.18 the CVs of a smooth and a macroporous platinum electrode 

composed of 17 half-layers are compared. The CV obtained for the macroporous electrode shows 

typical features of polycrystalline platinum with well defined hydrogen ad- and desorption peaks 

for potentials lower than 0.1V. In order to resolve the peaks on the flat platinum sample, the scale 

had to be adapted for this curve which is shown in the inset of Figure 3.18. Somehow surprising is 

that the current intensities for the redox peaks of macroporous platinum are higher compared to 

the gold sample with 49 pore half-layers. When the roughness factor is determined by the charge 

associated to the platinum oxide reduction similarly as for the gold samples, we obtain a value for 

  equal to 186, assuming 420µC/cm2 for a smooth polycrystalline platinum surface.245 An even 

higher value of 267 is obtained by calculating the roughness factor from the charge for the 

hydrogen adsorption, using 210µC/cm2 as the conversion factor.245 In a macroporous electrode 

composed of 17 pore half-layers the active surface area however should be increased only by a 

factor of roughly 30. This difference between theoretical and experimental value may be 

explained by the presence of additional (smaller) pores in the macroporous structure. 
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Figure 3.18:   CV of a smooth (see also inset) and a macroporous platinum electrode with 17 pore half-layers (pore size: 
325nm). It is believed that a hierarchical porosity is present in the sample with mesopores penetrating the walls of the 
macroporous platinum.    

 

The composition of the plating solution that has been used for the platinum electrodeposition 

(see chapter 3.2.2) was adopted from a work by Choi et al., who reported a mesoporous structure 

in platinum electrodeposits.243 The authors supposed that surfactant molecules being present in 

the plating solution arrange to micelles at the electrode surface around which platinum is 

deposited. This resulted in mesoporous platinum films on smooth substrates after the surfactant 

had been dissolved in aqueous solutions. Typically, these mesoporous films have been produced 

by electrochemical deposition in highly viscous plating mixtures with surfactant concentrations 

around 30 - 45 wt-%.246 Choi et al. however used a solution containing only 0.1 wt-% SDS and 

supposed that the arrangement of the surfactant molecules into ordered micelle structures was 

controlled by the applied potential during the electrodeposition. A more detailed insight in the 

formation of mesoporous structures from surfactant molecules will be given in chapter 7.2. The 

potential that was applied in this work in order to deposit platinum into the colloidal templates 

however did not correspond to the one that was employed in the original report.243 Nevertheless 

our results strongly indicate the presence of a mesoporous structure in the macroporous platinum 

film. Materials with both, macro- and mesopores, have been reported before by several authors 

using colloidal crystal templating.247-249 A macroporous Pt electrode with two pore layers 

produced under the same experimental conditions showed a roughness factor of 61 and 96, 

depending if   was determined according to the oxide reduction or the hydrogen absorption peak, 

respectively. These values also were by a factor of 8 - 13 higher than theoretically expected for a 

macroporous material composed of two pore layers. In order to provide further evidence of the 

hierarchical porosity obtained by this process, additional studies including a variation of the 
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deposition potential and transmission electron microscopy (TEM) images of thin platinum film 

deposits might be performed in future works.          

 

3.3 Electrodeposition of conducting polymers in colloidal crystals 

 

Conducting polymers (CPs) cover a wide spectrum of conductivities ranging from isolating over 

semiconducting up to a metal-like behavior. CPs are produced by oxidization of the corresponding 

monomers. The removal of electrons from the conjugated backbone during the oxidation of the 

polymer allows for the remaining delocalized electrons to move along the conjugated structure. In 

this "doped" state the conductivity of conjugated polymers is increased by several orders of 

magnitude compared to the "undoped" state. A conversion to the less conducting state is 

obtained by reducing the polymer, where electrons are reinserted into the structure of the 

polymer. Analogue to semiconductors this type of conductivity promoted by non existing 

electrons or positive "holes" in the band structure refers to p-type conductivity. Principally, also n-

type conductivity is possible in conducting polymers, which however, is much less common than 

the p-type conduction. Polyaniline (PANi), polypyrrole (PPy) and poly(3,4-ethylenedioxythiphene) 

(PEDOT) are among the most widely used conducting polymers. They are employed for different 

kinds of applications in fields including electroanalysis,250 electrochromism,251 actuators,252-254 

energy storage,255 bioelectrochemistry,256 electrocatalysis,257, 258 neural engineering,259 corrosion 

protection260 and sensors.256 The fabrication of a macroporous structure by colloidal templating 

can add new functionalities 261-264 or improve the performance in existing applications, which are 

based on conducting polymers. 200, 265, 266   

 

3.3.1 Polypyrrole deposition 

 

The electrochemical polymerization of pyrrole is schematically illustrated in Figure 3.19. The 

polymer is formed by the oxidation of the pyrrole monomer whereas counterions (A-) are 

incorporated in between the polymer chains to guarantee charge neutrality in the polymer. Figure 

3.19 represents a simplified presentation of the electropolymerization process, showing only the 

educt and the idealized structure of the polymer product. In reality the polymerization process is 

more complex and can be divided into several steps.267 When sufficiently positive potentials are 

applied to the electrode, the monomer will be oxidized and radicals are formed. Radical-radical 

coupling now occurs and the growth of the polymer chain proceeds until the charge is such that a 

counterion is incorporated. When experimental conditions are favorable, the chain length reaches 
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a critical length so that the solubility limit is exceeded and the polymer precipitates on the 

electrode surface. 

 

Figure 3.19:   Simplified illustration of polypyrrole formation by oxidation of the pyrrole monomer. A
-
 is the counterion 

incorporated into the polymer ensuring charge balance, m corresponds to the polymer chain length and n to the 
molecular weight. 

267
 

 

The aim was to control the electropolymerization in such a way, that smooth polymer film growth 

would be attained, which eventually could lead to similar current oscillations during the 

potentiostatic infiltration of colloidal crystals that previously have been observed for metallic 

deposits. In Figure 3.20a) the electropolymerization of polypyrrole by potential cycling onto a 

smooth gold electrode is shown. An aqueous solution containing the monomer (0.1M pyrrole) 

and a supporting electrolyte (1M KCl, counterion incorporated in the PPy film: Cl-) was used for 

the PPy deposition, which was slightly changed with respect to a report found in the literature.268  

 

 

Figure 3.20:   Electropolymerization of pyrrole by a) cyclic voltammetry (scan rate: 100mV/s) and b) in potentiostatic 
mode from an aqueous solution containing 0.1M pyrrole and 1M KCl. In b) a constant potential of +600mV vs. Ag/AgCl 
was applied.   

 

The potential here was cycled between -0.5V and +1.0V. In the first cycle PPy is deposited on the 

pristine gold surface with an onset potential of about +600mV in the anodic scan. The resulting 

polymer film is reduced during the cathodic scan. In subsequent cycles different peaks 

corresponding to the redox peaks of the polymer and the oxidation of the monomer are observed. 

As the amount of polymer on the electrode increases with each cycle, the intensity of the 

corresponding redox peaks also increase. The onset potential for the oxidation of the monomer 

was found to shift towards lower potentials in the course of the deposition, combined with 
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increasing peak intensities. This effect is due to the polymerization occurring more readily on 

already deposited PPy than on the electrode substrate.267 

However, using cyclic voltammetry for the electropolymerization into colloidal crystals does not 

allow us to control the filling level of the template with sufficient precision. Therefore 

potentiostatic deposition was performed at different applied potentials and the resulting polymer 

films were characterized by their optical aspect and corresponding SEM images. In Figure 3.20b) 

the current response for potentiostatic deposition of PPy on a smooth gold sample is shown. A 

potential of +600mV vs. Ag/AgCl was applied, resulting in smooth polymer films at reasonable 

deposition rates. Using lower potentials resulted in inhomogeneous film deposition and lower 

efficiencies. In fact, radicals and polymer chains can diffuse away before they are deposited at the 

electrode surface so that part of the totally applied charge is "lost" in this case. For certain 

conditions it is therefore possible that no film growth is observed although a considerable amount 

of charge is applied during the electropolymerization.267 PPy films deposited at higher potentials 

than +600mV (e.g. +700mV) showed a higher surface roughness in the SEM images.  

At the start of the deposition process shown in Figure 3.20b) charging of the double-layer capacity 

at the electrode leads to a steep decrease of the current. In the following the current increases 

during polymer film growth at the electrode. In initial stages of the deposition process the 

substrate exerts a dominating influence on the kinetics of the electropolymerization. With 

increasing thickness of the polymer film the influence of the underlying electrode material 

decreases and the polymerization occurs more readily, hence leading to continually increasing 

currents which may reach a plateau for very thick polymer film deposits. When the applied 

potential or the temperature of the electrolyte solution were changed, the curve principally  

exhibited a similar shape but was shifted to higher or lower current densities, as indicated in the 

plot. The quality of the PPy films and the reproducibility in the experiments were found to depend 

strongly on the purity of the monomer, which hence has to be distilled before use. 

 

 

Figure 3.21: a) Polypyrrole films electropolymerized at an applied potential of +600mV a) onto smooth gold electrodes 
with  applied charge densities corresponding to (A) 0, (B) 20, (C) 40, (D) 80, (E) 120mC/cm

2
. b) into a colloidal crystal 

template (Template: 395nm sphere size with 8 sphere layers; PPy filling level: seven half-layers).  
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The film thickness of the polymer could be controlled by the charge applied during the 

electropolymerization. Applied charge densities of 400mC/cm2 have been reported to result in 

1µm thick PPy films.269 Figure 3.21a) shows gold samples coated with PPy films by applying 

different charge densities during the electropolymerization. Sample A is the uncoated gold 

electrode and from sample B (50nm) to E (300nm) the thickness of the PPy films increases. As a 

function of the thickness the color of the PPy film deposits on gold changed. Continuous color 

change was observed up to applied charge densities of about 150-200mC/cm2, higher values 

resulted in black PPy film deposits. Thus the optical aspect is a measure of the thickness and the 

uniformity of PPy thin films. Cross-section SEM images of the samples B and C are shown in Figure 

3.22a) and confirmed that the PPy films exhibited the expected thickness and were uniform 

throughout the sample.  

 

 

Figure 3.22:   SEM cross-section images of polypyrrole films electrodeposited on gold slides. a) and b) correspond to the 
samples B and C from Figure 3.21, respectively. The thickness of the PPy-films was found to be a) ~50nm and b) ~100nm. 

 

In the following, colloidal crystal templates were electrochemically infiltrated with PPy. Similarly 

as shown for metal deposits in colloidal templates, we were able to observe regular current 

oscillations during potentiostatic electropolymerization of PPy, illustrated in Figure 3.23. However, 

since the formation of polypyrrole results from an oxidation process, the faradaic current has a 

positive sign. As a consequence, each current density minimum in the plots now corresponds to a 

minimum of the electroactive surface, equal to a half-layer filling level in the colloidal template.  

In Figure 3.23a) a colloidal template composed of 20 sphere layers with a bead size of 240nm has 

been infiltrated with PPy. Well defined minima and maxima in the recorded current allowed us to 

stop the electrodeposition at different half- or a full-layer filling levels in the template, 

respectively, similarly as for the metal deposition. In the present case 23 half-layers of the 

template have been filled with PPy.  
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Figure 3.23 Current oscillations observed during potentiostatic electropolymerization (E = +0,6V) of pyrrole into 
colloidal templates. The templates were filled with polypyrrole up to a) 23 and b) 13 half-layers.   

 

In Figure 3.23b) the observed current oscillations were even more regular than in Figure 3.23a) as 

a template composed of 395nm spheres was filled with PPy up to 13 half-layers. Figure 3.21b) 

shows a digital photograph of a colloidal crystal template which has been partly infiltrated with 

PPy. 

 

Figure 3.24:   SEM images of macroporous and composite polypyrrole films. a) and b): Top view of a macroporous PPy-
film electrode with a pore size of 1200nm and a thickness of 13 half-layers in different magnifications. c) Cross-section 
of a colloidal template (sphere size 470nm) in which 3 layers have been infiltrated with polypyrrole. d) Cross-section of 
a macroporous PPy film with a thickness 13 half-layers and a pore size of 395nm.  
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The characterization of different macroporous PPy films by SEM is illustrated in Figure 3.24. The 

top surface of a macroporous polymer film with a pore size of 1200nm is shown in different 

magnifications in Figure 3.24a) and b). The windows interconnecting the top to the underlying 

pore layers appear as black spots and are clearly visible in both figures. The PPy struts have 

different thickness indicating that the silica spheres in this case have not been in a completely 

close packed arrangement. In Figure 3.24c) a cross section image of a colloidal template 

composed of 470nm beads is shown after the infiltration with PPy. Slightly more than three 

sphere layers have been filled by the PPy film, which revealed a very uniform growth front 

throughout the template. Figure 3.24d) shows the cross-section of a macroporous PPy film with 

six and a half pore layers.  

 

3.3.2 Polybithiophene deposition 

 

In this work polybithiophene (PBT) also has been infiltrated into the void space of colloidal 

crystals. Owing to the low solubility of the monomer in aqueous solutions acetonitrile was used as 

solvent.270 Solutions contained 0.1M tetrabutylammonium tetrafluoroborate (TBA BF6) with 

bithiophene concentrations that were varied from 5 to 50mM. Figure 3.25a) shows cyclic 

voltammograms of flat gold electrodes in a solution containing 50mM bithiophene.  

 

 

Figure 3.25: a) Electropolymerization of bithiophene by cyclic voltammetry (scan rate: 100mV/s) in acetonitrile 
containing 50mM bithiophene and 0.1M TBA BF6. b) Electrochemical infiltration of a colloidal crystal (11layers , 600nm 
sphere diameter) at an applied potential of 1.23V vs. Ag/AgCl. In this case the concentration of the monomer was 5mM.  

  

Similarly as shown for the PPy deposition in Figure 3.20b),  well defined redox peaks of the 

deposited polymer are visible in cycles successive to the first. Compared with pyrrole potentials 

higher than E > 1V are required to oxidize bithiophene. In Figure 3.25b) a chronoamperometric 

curve for PBT deposition in a colloidal template is shown. Here, no oscillations of the current 
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response were observed and the shape of the curve resembles that for the deposition of PPy on 

flat gold (see Figure 3.20b). 

Directly after electropolymerization of PBT into the colloidal template the cross-section of the 

sample has been characterized by SEM, which is shown in Figure 3.26a). The same type of 

volume-templated material as observed for PPy or metal electrodeposits is expected, however 

PBT reveals a different growth mechanism in colloidal templates.  

 

 

Figure 3.26:   SEM cross-section images of composite and macroporous polybithiophene films. a) Polybithiophene was 
deposited in the colloidal template by encapsulating the spheres with a thin polymer film. b) Removal of the inorganic 
template resulted in a macroporous "hollow sphere" polybithiophene electrode.  

       

Instead of filling the whole available volume in the template, only a thin polymer film is deposited 

around the spheres. This guidance effect, probably due to electrostatic interactions between the 

radicals formed during electropolymerization and the surface groups of the colloidal spheres, was 

mentioned before in chapter 3.1.3 resulting in surface-templated materials. The macroporous PBT 

electrode can be seen in Figure 3.26b) showing a 3-dim network of interconnected hollow spheres 

on the surface of the gold electrode. Interconnection points between spheres of the original silica 

template now correspond to black air cavities in the hollow PBT spheres. A collapse of the sphere 

layers at the top surface of the sample is observed due to a lack of mechanical stability of the 

hollow polymer spheres. In the illustrated sample the polymer film however has been dried by a 

rather strong nitrogen flow, more gentle drying conditions resulted in less damage at the 

macroporous surface layers. A similar surface-templated structure has been observed by Bartlett 

et al. for macroporous PBT films.212 
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3.3.3 Electrochemical characterization of macroporous conducting polymers 

 

The macroporous polypyrrole films produced in chapter 3.3.1 have been electrochemically 

characterized using cyclic voltammetry. In Figure 3.27a) the molecular structure of polypyrrole is 

shown in its reduced and oxidized form. The switching between both redox states is associated 

with a movement of electrons and counterions into or out of the polymer structure . When the 

polymer is reduced, electrons fill the available "holes" in the conjugated structure of the polymer 

and the counterions move out of the material. Oxidation of the polymer leads to the inverse 

scenario. The amount of counterions in the polymer will depend on its oxidation state leading 

either to a contracted (reduced) or expanded (oxidized) state of the polymer. The reduction (or 

oxidation) of the polymer proceeds from the point of the electrical contact, as illustrated in Figure 

3.27b).267 It is supposed that the reduction front percolates through the polymer material.  

 

 

Figure 3.27: a) Switching of polypyrrole between the reduced (contracted) and oxidized (expanded) state. b)  Schematic 
presentation of the reduction of a conducting polymer.

267
 

 

The redox process in conducting polymers significantly differs from that occurring in noble metals  

which is confined to a thin layer. In CPs, the whole polymer film will get oxidized (reduced) when 

sufficiently positive (negative) potentials are applied for a certain period of time. Generally no 

single redox peak but broad distributions of overlapping peaks are observed in the CVs of CPs. 

This is caused by the different molecular weights of the oligomeric/polymeric species in the CP all 

possessing oxidation/reduction peaks at different potentials.267 Figure 3.28 compares the cyclic 

voltammograms of smooth (left) and macroporous (right) PPy films. Curves of the same color here 

stand for samples with the same amount of deposited PPy and hence can be directly compared 

with each other. In both plots, for macroporous as well as for smooth samples, increasing currents 

are observed as the amount of deposited polymer increases. A greater film thickness leads to a 

shift of the oxidation peak towards more positive potentials in smooth PPy samples. A uniform 

increase of the redox currents with no clearly visible peaks is observed as the thickness of the 
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macroporous PPy films is increased. The observed shift of the oxidation peaks indicates that the 

exchange of ions with the solution probably is the rate limiting step in flat PPy films of a certain 

thickness. Counterions need to diffuse through the polymer film during the redox processes in 

smooth PPy films. In macroporous films however the solution can enter the pore volume so that 

the diffusion path lengths of the counterions is significantly reduced. 

 

 

Figure 3.28:   Comparison of smooth (left) and macroporous (right)  PPy samples by cyclic voltammetry. The scan rate 
was 50mV/s in 50mM KCl aqueous solution. Q represents the charge injected during electropolymerization of PPy. In 
corresponding smooth and macroporous samples the amount of deposited polymer was equal (t: film thickness, 
macropore size 430nm). 

 

Conducting polymers might be used for many applications that rely on the reversible switching of 

the polymer between its reduced and oxidized state.200, 254, 271 A fast and reversible redox process 

is crucial to enable good perfomance in CP based devices. In order to compare the kinetics of the 

ion exchange for flat and macroporous PPy films, CVs were recorded at different scan rates which 

are shown in Figure 3.29.  

 

 

Figure 3.29:   Cyclic voltammetry in 50mM KCl at different scan rates (50, 100, and 500mV/s from left to right). A 
smooth and macroporous PPy film with the same amount of deposited polymer (injected charge : 646mC) is compared. 

   

In each plot a smooth and a macroporous PPy film are compared containing the same amount of 

deposited polymer. At a scan rate of 50mV/s the redox currents for the templated and the non-
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templated film are in a similar range. At 100mV/s considerably higher redox currents were 

observed for macroporous than for flat PPy. This trend was confirmed and even more pronounced 

at higher scan rates of 500mV/s.   

The results shown in Figure 3.28 and Figure 3.29 have been obtained by cycling the polymer in a 

solution which contained the same counterion used during the synthesis of the PPy films. Cl- is a 

rather small ion easily diffusing through the polymer structure and facilitating the ion exchange 

with the solution. Therefore we performed the same scan-rate-dependent experiments in equally 

concentrated solutions which contained a bigger anionic species, here PF6
- was used.  

 

 

Figure 3.30:   Similar scan rate dependent plots to the ones shown in Figure 3.29 are presented. The same samples but a 
different electrolyte solution (50mM KPF6 aqueous solution) was used here.   

 

As seen in Figure 3.30, a marked difference in the CVs between the flat and the macroporous 

polymer film is observed in this case at all tested scan rates. The macroporous polymer seems to 

exchange PF6
- anions as readily as Cl- anions, as the current signals are barely reduced compared 

to Figure 3.29. In contrast only small oxidation and reduction currents are observed at the 

different scan rates for the flat PPy samples indicating that PF6
- anions can hardly be exchanged 

with the polymer owing to restricted diffusion of these species in the film. Improved performance 

in electrochomic NiO were also attributed to shortened ion pathways in the macroporous 

structure.240 

 

3.4 Applications of macroporous electrodes 

 

Macroporous materials obtained from organized colloidal templates can be used in various 

different applications. In chapter 2.4 it has been discussed that photonic crystals with a complete 

photonic bandgap are possible when colloidal templates are infiltrated with high refractive index 

materials. Several other applications arise from the structural order present in photonic crystals. 

As mentioned in chapter 2.3, Bragg diffraction leads to the characteristic coloration in opals and 

their inverse replicas. The optical response of photonic crystals to electromagnetic radiation 
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herein depends on structural and also on material parameters. A change of parameters like 

symmetry, lattice constant or order in photonic crystals will effectively alter the interaction of 

light with the material. In the same way a refractive index change of the constituent materials in a 

PC affects its optical properties. By incorporating stimulus-responsive materials into photonic 

crystals at least one of these parameters can be modified due to chemical or physical stimuli so 

that the diffraction wavelength in the PC changes. In a recent review on responsive PCs a broad 

overview is given on the mechanisms and applications in this field that include besides optical 

sensors also display units or structural color devices.272 In Figure 3.31 some examples for optical 

sensors made from hydrogel inverse opals are shown.  

 

 

Figure 3.31:   Optical sensors based on hydrogel inverse opals. Dependence of the reflection spectra of the hydrogel 
inverse opal on a) the pH, 

273
 b) the temperature, 

274
 and c) the glucose concentration.

275
 

 

A shift of the reflection peak in PCs may be used to measure the pH (a), the temperature (b) or 

the glucose concentration (c). The change of the peak wavelength in Figure 3.31b) is due to a 

temperature-dependent swelling or shrinkage of the hydrogel causing the lattice constant in the 

PC to change.274, 276 Recently it has been shown that the integration of a defect in the inverse opal 

can lead to increased sensitivities in pH sensing.277 Alternatively, phase transitions happening in 

some inorganic materials lead to a refractive index change in a certain temperature range. An 

example is barium titanate with a phase transition near the Curie temperature (Tc ~ 120°C). PCs 

composed of this material equally can serve as a temperature sensor.278 Refractive index change 

is also observed when a liquid or gaseous component fills the void space in PCs. This effect allows 

PCs to be employed for the optical detection of various solvents or vapors including a 

discrimination between different vapor pressures.263, 279-281 Compared to colloidal or PC composite 

structures inverse opals provide more volume for the infiltration with a liquid or gaseous analyte, 

which results in higher shifts of the reflection peaks.272 The principle of ion or pH sensitive PCs is 

based upon a change of the lattice constant in PCs occurring when target ions bind to recognition 
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units that are immobilized in a hydrogel.273, 282-284 The selective recognition of metal ions by crown 

ethers is an example for ion sensitive PC sensors.282 The response time of the pH sensor illustrated 

in Figure 3.31a) was reported to be strongly decreased when macroporous instead of composite 

hydrogel PCs were used.273 The same strategy can be employed for the optical detection of 

biomolecules with responsive PCs.261, 262, 275, 282, 284-286 The example in Figure 3.31c) shows that 

different levels of glucose concentrations can easily be distinguished by the naked eye using 

macroporous hydrogel PCs. 275  

Also external forces acting on the PC can change the lattice constant and provoke a 

mechanochromic behavior. Hence pressure sensors can be realized using porous or composite 

elastomeric PCs.287, 288 Examples showing an optical pressure sensor based on elastomeric inverse 

opals is illustrated in Figure 3.32b) and c). The pressure of a finger pressed onto the porous film 

locally deforms the crystal lattice associated with a color change in the PC. The resolution proved 

to be sufficiently high to use these PC devices as fingerprint sensors.289, 290 In macroporous films 

the pressure required to trigger a color change was sufficiently reduced compared to composite 

films. Besides sensing also the emission wavelength in organic lasers can be tuned by a 

mechanochromic PCs. In Figure 3.32a) uniaxial compression of the PC (PBG) composite film 

modifies the wavelength of the laser pulse as it propagates through the mechanochromic 

medium.291 Even though in this report a PC composite material was used, similar results may be 

obtained with porous PC films. The performance of actuators equally could be increased by 

introducing a controlled macroporosity into devices based on PPy .265 It was shown that actuation 

in these materials allowed to trap and release small particles in/from the pores in a controlled 

way.    

 

 

Figure 3.32:  Applications of mechanochromic photonic crystals. a) Configuration of a tunable thin-film organic laser: a 
broadband dielectric stack reflector (mirror 1) is coated with a thin layer of rhodamine B doped poly(methyl 
methacrylate) (gain medium) and then laminated with a photonic bandgap (PBG) composite film (mirror 2).

291
 b) A full-

color fingerprint visualized using an elastic photonic crystal (EPC), overlayed onto a grayscale image of an index finger. c) 
Still image taken during the compression of an EPC film by an index finger.

289, 290
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Using electroactive materials in photonic crystals enables to produce a color change by altering 

applied potentials. As illustrated in Figure 3.33a) the electroactive material can be reduced or 

oxidized depending on the applied potential, which is associated with a change in volume and 

lattice constant of the PC film consequently leading to a color change. The electroactive media 

may be a ferroelectric material292 or a conducting polymer.266, 293 In this regard electrically 

switchable full color displays based on photonic crystals have been fabricated.200, 293 In their first 

report Ozin et al. employed a polyferrocenylsilane/silica composite PC to reversibly change the 

color of the display.293 The use of a macroporous structure resulted in faster switching times 

combined with lower threshold voltages needed to drive the device.200 As seen in Figure 3.33b) 

clear and bright colors are obtained as different potentials are applied to the electroactive inverse 

opal. The colors are adjustable over the whole range of the visible spectrum in such a device as 

shown in Figure 3.33c). Response times in the range of 10 seconds for a complete color change 

are still quite high with respect to a commercial application of such PC devices. Instead of electric 

also magnetic fields were used to tune the color in photonic crystals composed of 

superparamagnetic spheres.294, 295     

 

 

Figure 3.33:   Fabrication of electrically controlled display units based on inverse opals. a) Illustration of the mechanism 
that leads to a color change in redox-active inverse opals. b) Color tuning in the display upon application of different 
potentials. c) Reflection spectra for different applied potentials. 

200, 290
 

 

A different application for PC composite films is photonic paper.296-298 In Figure 3.34a) the 

principle of producing a color contrast between unmodified areas and those swelled by local 

infiltration of a liquid in PC films is shown. By using hygroscopic salts for the infiltration a durable 

writing is achieved (see Figure 3.34d), which can be erased simply by washing the film in water. 

Even though photonic paper devices produced so far consisted of compact composite PC 

structures they are mentioned in this section due to their proximity to the previously discussed 

work.           
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Figure 3.34:   Images showing rewritable photonic paper that is based on a poly(ethylene glycol) diacrylate (PEGDA) 

film containing colloidal spheres assembled into chains a) Schematic illustration of the mechanism of writing and erasing 

by infiltration or removal of a hygroscopic salt. Photographs of  b) the flexible photonic paper (34cm) c) without and d) 
with letters printed. 

272, 298
  

 

Coupling photonic crystals to dye-sensitized solar cells (DSCs) based on titanium dioxide has been 

reported to enhance the light-harvesting performance in the red spectral range.299 Different 

mechanisms can be responsible for the increase of photocurrent in DSCs coupled with a PC film. 

Higher absorption rates can be due to multidirectional scattering at defects in the PC at short 

wavelengths300 together with a back reflection of light in the stop band region of the PC.301 The 

absorption also can be enhanced by increased matter-radiation interaction times due to resonant 

modes.302 The profile that is required for a nanostructured material to effectively improve 

photovoltaic devices due to plasmon enhanced light absorption has been reviewed by Atwater 

and Polman.303 Surface plasmon polaritons (SPPs) are quasiparticles resulting from the interaction 

of incident light with resonant electronic charge oscillations on a metallic surface.304 In 

nanostructured materials, SPPs can be locally trapped on the surface producing significantly 

enhanced optical fields at precise locations. Atwater and Polman mentioned that light scattering 

and trapping is very sensitive to the shape of plasmonic nanoparticles. The same is true for the 

nanovoid structures in metallic films produced by colloidal templating.  

 

Figure 3.35: a) Effect of the substrate structure on the SERS signal intensity. Sodium cyanide spectra for non-templated, 
disordered and ordered latex-templated Au nanoparticles (10-20nm). Scale bars in SEM images: top and middle 1µm, 
bottom 10µm.

305
 b) Optical images of 5µl drops of water on macroporous gold films of different thickness with SEM 

images of the corresponding surfaces below (scale bar is 2µm).
306
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As shown in Figure 3.35a) metallic inverse opals can be used to increase the signal intensity in 

surface-enhanced Raman spectroscopy (SERS) by several orders of magnitude. A much lower 

increase of signal intensity was found for disordered compared to ordered inverse opal films 

templated with Au nanoparticles.305, 307 A similar approach using electrodeposited metallic 

nanostructures has allowed to discriminate mutations and to analyze short repeating units in DNA 

sequences by SERS.308, 309 It has also been shown that complete omnidirectional absorption of 

light can be observed in templated metallic nanovoid films, when the thickness slightly exceeds 

one void layer.310 Figure 3.35b) illustrates the influence of the surface structure of templated gold 

films on their hydrophobic properties. The contact angle between a water droplet and 

nanostructured gold film was found to increase when its thickness approaches a half-sphere layer, 

whereas decreasing angles were observed for the film thickness reaching a full pore layer. Due to 

the uniform pore size highly ordered 3-dim macroporous materials also have been used as filters. 

311, 312   

The higher active surface areas provided by macroporous in contrast to flat electrodes can also be 

employed to increase the sensitivities and/or to lower the detection limits of conventional 

electrochemical sensors. As capacitive currents increase parallel to the faradaic currents in highly 

porous electrodes, improved performance is expected either when analytes are adsorbed on the 

electrode surface10 or when using differential pulse techniques.  

 

 

Figure 3.36: a) Representation of a gold electrode with 3/2 pore layers modified with a mediator monolayer (4-carboxy-
2,5,7-trinitro-9-fluorenylidene) malononitrile (TNF), Ca

2+
, NAD

+
, GDH, and its reaction in a solution containing glucose. b) 

CVs with macroporous electrodes as shown in a) in the presence of glucose dehydrogenase (3µM) and glucose(10mM). 
The signal increases as the number of pore layers is increased (inset: oxidation current at 100mV). 

217
 c) Comparison of 

the stripping peaks obtained with a nonporous (curve a) and porous bismuth films of increasing thickness (b – d) for Cd 
and Pb detection.

227
  

 

Figure 3.36a) shows an example of a macroporous glucose biosensor where all necessary species 

including redox mediator (TNF) and cofactor (Ca2+/NAD+) were immobilized on the gold surface.217 

Alternatively, only the redox mediator can be immobilized on the surface whereas other reagents 

are added in solution.216, 313 The interconnecting windows between adjacent pores here were big 
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enough to allow the glucose to access the whole inner pore volume. The enzymatic oxidation 

current of glucose increases linearly with the thickness of the macroporous film, as illustrated in 

Figure 3.36b). A sensitivity gain by a factor 30 together with a detection limit decrease by a factor 

3 were reported in those systems. The stability of the immobilized species on the electrode 

surface could further be improved by encapsulation in electrophoretic paint.242, 314 Several other 

biosensors based on macroporous electrodes showed improved characteristics for the detection 

of glucose, adenosine-5'-triphosphate (ATP) and c-reactive protein (CRP).241, 315-319 Besides 

biomolecules, also other species such as heavy metal ions could be detected showing enhanced 

sensitivity at macroprorous bismuth and antimony electrodes.227, 228 Figure 3.36c) shows the signal 

increase for the different stripping curves of cadmium and lead for increasing macroporous film 

thickness.  

Due to the high surface areas, combined with good diffusion kinetics, macroporous electrodes are 

interesting for energy storage or conversion applications including batteries, supercapacitors and 

fuel cells.5 Carbon,320 manganese  and nickel oxide321, 322 or hybrid materials composed of carbon 

loaded with a conducting polymer323 have been used to fabricate well-ordered macroporous 

capacitor electrodes. A good pseudacapacitive performance was combined with increased 

reaction rates in these systems. The latter was attributed to the open pore structures in the 

inverse opal allowing a fast and efficient charge transfer even at elevated scan rates.322 Using 

macroporous instead of bulk electrodes as the anodic or the cathodic part in a battery allows to 

significantly enhance the charge transfer kinetics with the electrolyte.226, 324-326  

 

Figure 3.37: a) Scheme of a battery containing a bicontinuous cathode fabricated by colloidal crystal templating . The 
electrolytically active phase is yellow and the porous metal current collector is green b) Illustration of the four primary 
resistances in a battery electrode c) Ultrafast discharge and charge of the NiOOH electrode. Constant potential charge 
curves (0.45 V vs. Ag/AgCl) and 6C discharge curves after charging at constant potential for the indicated time. The 
curve labelled ‘full charge’ was charged galvanostatically at 1C. 

226
 

 
 

Figure 3.37a) schematically illustrates a battery where the cathodic compartment is based on an 

inverse opal structure. The fabrication of the bicontinuous cathode involved pulsed 
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electrochemical deposition of electroactive materials (NiOOH for nickel-metall hydride and MnO2 

for lithium-ion batteries) into the inverse nickel opal. The pore volume and the interconnecting 

windows in the opal however first had to be enlarged, to enable high loadings with the active 

material by simultaneously keeping the pore windows in the structure opened. Electropolishing of 

nickel here enabled to increase the overall porosity in the opal to ~94%. 225, 226 As illustrated in 

Figure 3.37b), the final structure combines fast ionic transport in the electrolyte and the electrode 

material with high electronic conductivity owing to the metallic nickel phase in the composite 

material. As a result the battery could be charged or discharged in a fraction of the time that 

would have been required for a cell composed of bulk electrodes. Figure 3.37 shows that the 

electrode is already 85% charged after 10s, 90% after 20s and 99% after 120s. 
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4 Macroporous materials with a gradient in pore diameter 
 

In chapter 2.2 we introduced different methods allowing to assemble colloidal spheres into three 

dimensional colloidal crystals, whereas chapter 3 focused on the infiltration of colloidal templates 

with various materials to produce macroporous materials. In this chapter a strategy for the 

elaboration of macroporous materials with a complex pore gradient architecture will be 

presented. Besides the fabrication of homogeneous colloidal crystals based on one single bead 

size, different  assembly techniques allowed building up various superstructures combining 

spheres of different sizes327 or chemical composition328 in one template. Additionally, point,136, 138 

line135 or planar139, 140, 329 defects were successfully integrated in colloidal crystals in order to 

explore their influence on the photonic properties of the material. Yan et al. gave a broad 

overview over existing strategies to introduce different artificial defects in 3-dim colloidal 

crystals.137 A drawback of most assembly techniques, however, consists in the poor control over 

the number of particle layers deposited during the assembly process, hence leading to restrictions 

for example when gradients in colloidal crystals with different sphere sizes in successive layers 

have to be produced. The few attempts made to fabricate graded colloidal crystal structures 

consisted in top-down modifications of previously assembled polystyrene spheres by heating330 or 

by plasma etching331 associated with a considerable lack of control over the resulting bead size 

and structure of the gradient. This limitation can be overcome by using a layer-by-layer 

assembling process of colloidal particles. As shown in chapter 2.2.3, LB allows to elaborate 

colloidal crystal assemblies with an extremely well-defined geometry. Additionally Langmuir films 

can be prepared from silica particles with a range of different diameters. In the past, architectures 

using two different sphere sizes have been realized using the LB technique.141, 142, 332-336 

Here we have taken advantage of all the benefits of the LB technique to build up colloidal 

superstructures with an unprecedented degree of complexity using up to six different particle 

sizes, the sequential deposition of monolayers allowing to exactly generate a predefined 

architecture. In a second step these templates have been infiltrated either with gold or 

polypyrrole by chronoamperometric electrodeposition, providing a perfect control over the filling 

level of the colloidal template. Finally, the inorganic template was removed using wet etching 

techniques revealing a macroporous electrode with the exact inverse structure of the original 

template. Figure 4.1 illustrates schematically the different steps leading to macroporous 

elecrodes with a pore gradient structure.   
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Figure 4.1   Scheme illustrating the different steps involved in the fabrication of well-defined macroporoues electrodes 
with a pore gradient. The key steps here are the assembly of the colloidal template using LB and the controlled 
infiltration by electrochemical deposition. 

   

In the following section the different colloidal templates fabricated by LB are introduced and 

characterized by SEM imaging serving in a second step as templates for the electrochemical 

infiltration.   

 

4.1 Template fabrication with increasing and decreasing bead diameters 

with LB 

 

Among others, one of the great advantages of the LB technique is the possibility to build up 

colloidal crystals with a control at the single bead layer level. As described in chapter 2.2.3, well-

compressed monolayers of silica particles are transferred from the air-water interface onto solid 

substrates and this process can be repeated until a desired number of layers, up to several tens of 

layers, has been deposited on the sample. Following this strategy colloidal crystal templates with 

various morphologies were synthesized using silica particles of different diameters. More 

precisely, three main families of templates with an increasing complexity, that may lead to various 

types of applications, were generated which are schematically shown in Figure 4.2. 

 

 

Figure 4.2   Illustration of the different template architectures produced in this work. In "Type A" templates with two 
sizes of particles are used to assemble a colloidal crystal with a well-defined planar defect. In "Type B" templates with 
three sizes of particles allowed to build up "single gradient" structures. "Type C1" and "Type C2" templates consist of up 
to six different particle sizes with "ascending-descending" and "descending-ascending" architecture, respectively. 
Sphere layers in these "double-gradient" structures were symmetrically organized with respect to a central layer of 
large or small particles.  
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In "Type A" templates two sizes of particles were used to build up a colloidal crystal with a well-

defined planar defect consisting of a stack of smaller in between two stacks of bigger particles. 

For the generation of "Type B" templates three different particle sizes were assembled into 

"single gradient" structures. Stacks of bigger particles were here deposited onto those of smaller 

ones. The most complex architecture is shown in "Type C" templates. Monolayers of up to six 

different sphere diameters have been assembled into "double-gradient" colloidal crystals. The 

sphere layers have been symmetrically arranged with respect to the central layer consisting of the 

larger or smaller particles. In "Type C1" templates the sphere layer succession was "ascending-

descending" whereas a "descending-ascending" architecture was realized in "Type C2" samples. All 

colloidal templates have been assembled on gold coated glass slides and were uniform over an 

area of more than 2cm2, similar to those shown in Figure 3.6b). Generally, Langmuir-Blodgett 

films could perfectly be deposited onto larger surfaces without any restriction, as long as the 

required equipment – a Langmuir trough with a large working area and a sufficient immersion 

depth – is available. 

After assembling the different types of colloidal templates by LB, some samples were broken in 

order to characterize the sphere layer stacking in the corresponding cross-section SEM images. 

Figure 4.3a) shows a "Type A" colloidal template containing a 5-layer stack of smaller particles in 

between two 5-layer stacks of bigger particles. Figure 4.3b) shows a "Type B" template composed 

of three successive stacks, each containing 10 particle layers. The thickness and the composition 

of both templates was very regular. Especially in templates based on successive stacks of layers 

with increasing diameters of silica particles (e.g. Figure 4.3b), the eventual irregularities of the 

first stackings have little influence on the arrangement of the upper ones.   

 
Figure 4.3:   SEM side views of silica colloidal templates produced by LB showing  a) "Type A" and b) "Type B" structure. 
In a) two 5-layer stacks of 1000nm-particles are separated by a 5-layer stack of 430nm-particles. In b) a sample 
consisting of three 10-layers stacks of 430, 740 and 1000nm-particles is shown.   
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As mentioned, it is possible to take advantage of the specific "layer-by-layer" iterative process, 

characteristic for the LB strategy, to get templates with an even higher degree of complexity. 

Indeed, sequential stacking of single layers of particles with different diameters can lead to 

structures with a "double-gradient" ("Type C" templates). In Figure 4.4a) and b) a "Type C1" 

template composed of 11 layers comprising particles of six different diameters ranging from 240 

to 1200nm is shown. In this case, the particle diameter was gradually increased for the first six 

layers and decreased for the following five ones, leading to an “ascending-descending” 

architecture. By taking a close look at the template structure (see Figure 4.4a), one can notice that 

the first six layers are homogeneously organized throughout the colloidal crystal, without any 

significant variation in thickness. The remaining five layers however show a slightly wavy 

character, which is attributed to the fact that layers of smaller particle size are deposited onto 

bigger ones. It is found that this effect is particularly pronounced for big variations of the particle 

size from one layer to the next one (e.g. the step of 1200 to 600nm spheres, as seen in Figure 

4.4a). 

 

Figure 4.4:   SEM side views of a double-gradient colloidal template ("Type C1") produced by LB. Spheres of six different 
diameters are symmetrically arranged with respect to the middle layer in the ascending-descending architecture 
(sphere diameters: 240, 325, 395, 470, 600, 1200, 600, 470, 395, 325 and 240nm).  

 

By selecting particles with diameters varying only slightly from one layer to the next one it is 

possible to minimize the influence of this effect. In Figure 4.5 a) and b), a reverse type of template 

("Type C2", descending-ascending) is illustrated: the particle diameter first decreases for five 

layers from 1000nm to 240nm and subsequently becomes larger for the last four layers. A top 

view of these samples is given in Figure 4.5 c) and d). The homogeneity of the top surface is 

noticeable and might be put down to the more regular variation of the particle diameters in the 

descending or ascending parts (diameter ratios between consecutive layers were always close to 

1.25). As Figure 4.5c) shows areas with a perfectly close packed sphere arrangement exist in the 
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template which is remarkable given the complexity of the template architecture. At lower 

magnifications some defects including missing spheres or grain bounderies are visible in Figure 

4.5d) in the top layer of the colloidal crystal template.  

 

 

Figure 4.5:   SEM side (a +b) and top (c +d) views of a double gradient colloidal template ("Type C2") produced by LB at 
different magnifications. Spheres of five different diameters are symmetrically arranged with respect to the middle 
layer in the descending-ascending architecture (sphere diameters: 1000, 740, 470, 325, 240, 325, 470, 740 and 1000nm). 

   

Since they are deposited on a gold substrate, reflectance spectroscopy is a very convenient and 

non-destructive technique to optically characterize the structure of our templates similarly as 

shown previously in chapter 2.3. Measurements have therefore been carried out using a 

microspectrophotometer working at normal incidence in the UV-visible-IR range between 250 and 

1650 nm. Similarly to previous observations, regular oscillations, known as Fabry-Pérot fringes 

and testifying of the thickness homogeneity, can be observed in a certain range of wavelengths 

(here, between 1200 and 1600 nm), as shown in Figure 4.6 for three “Type B” samples consisting 

of three consecutive stacks of N layers of 430, 740 and 1000-nm silica particles (with N=3, 5 or 10). 

While the overall reflectance signal becomes more and more attenuated when the sample gets 

thicker, the number of fringes, resulting from interference phenomena at the air-template and 

template-substrate interfaces, increases as a result of a larger optical pathway. The wavelength 
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positions of consecutive reflectance maxima allow to estimate the thickness   of a sample, 95 

following equation 2.7.  

 

                               (2.7)     

   here is the wavelength position of the first visible fringe taken into account and    the mean 

refractive index for a compact arrangement of silica spheres in the air, assumed to be close to 

1.33. For each sample,   is therefore equal to the slope of the linear fits plotted in the inset of 

Figure 4.6 and the calculated values are 5.3, 9.4 and 19.4 µm for the three “Type B” examples 

with three consecutive stacks of N layers (N=3, 5 and 10, respectively). This result is in good 

agreement with the thicknesses inferred either from the SEM observations or from geometrical 

calculations assuming a fcc packing of the spheres in each stack. 

 

Figure 4.6   UV-Vis-NIR reflectance spectra of three “Type B” templates consisting of three consecutive stacks of N 
layers of silica particles with an increasing diameter (430nm for the first stack, 740nm for the second and 1000nm for 
the third). Arrows indicate the positions of the Fabry-Pérot fringes taken into account for calculating the thickness of 
each sample, given by the slope of the linear fits shown in the inset. 

 

As shown in this section, extremely well defined colloidal crystals of different, very complex 

architectures have been assembled by LB. In the following they will serve as templates for the 

controlled infiltration with gold and polypyrrole using electrochemical deposition.  
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4.2 Electrodeposition of metals and conducting polymers  

 

The templates fabricated in section 4.1 served as working electrodes for the electrodeposition of 

gold and polypyrrole. The electrodeposition was performed in potentiostatic mode which already 

had proven efficient to control the filling level of the infiltration of homogenous colloidal 

templates thanks to the oscillating currents caused by periodic variations of the electroactive area 

in the template (see Chapter 3.2.1). The experimental conditions including the electrolyte 

solutions, the experimental setup and the applied potential were identical to those previously 

employed in chapters 3.2.1 and 3.3.1. In all the figures presented below, for the sake of clarity, 

the intensity of the faradaic current signal that was recorded during the electrodeposition process 

was divided by the geometrical surface area of the electrode.  

A typical example of such a chronoamperometric curve, recorded for the infiltration of the "Type 

A" colloidal template shown in Figure 4.3a), is presented in Figure 4.7a). Similarly as for the 

potentiostatic deposition of gold into homogeneous colloidal templates, we were able to observe 

current oscillations during the infiltration of templates with a more complex architecture.  

 

Figure 4.7:   Chronoamperometric curves corresponding to the electrodeposition of gold (E = -0,66V) in a "Type A" 
template presenting an artifical planar defect with two 5-layers stacks of 1000nm-particles separated by a 5-layers stack 
of 430nmparticles. b) Theoretical calculation of the electroactive area as a function of the position of the progressing 
electrodeposition front. 

 

The chronoamperometric curve in Figure 4.7a) shows that the shape of the oscillations depends 

on the sphere layer architecture in the template. The first and the last five oscillations of the 

curve exhibit relatively high amplitudes corresponding to the filling of the two 1000nm-sphere 

stacks in the template. The infiltration of the intermediate 430nm-sphere stack resulted in 

oscillations of higher frequency and much smaller amplitude. As explained in chapter 3.2.1 these 
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current oscillations allow to follow the growth of the metallic deposit in these homogeneous and 

crack-free colloidal templates. The absolute minima of the current density correspond to minima 

of the electroactive area and hence to half-layer filling levels in the template indicated by the 

arrows in the plot. 

Another remarkable feature is particularly visible when the electrodeposition occurs in templates 

containing large particles. As expected – but never observed experimentally – by others 

authors,221, 224 the interpenetration of two consecutive layers of particles in a fcc arrangement 

should generate a local extremum for the current density when the electrodeposition front 

reaches the middle of the junction between two consecutive layers. As shown in the inset of 

Figure 4.7a), the first minimum in current density indeed presents a small local maximum, thus 

corresponding to a local minimum of the electroactive surface area. This observation is in perfect 

agreement with the theoretical variation of available surface area, calculated as a function of the 

altitude z of the growth front in the same Type B template (5 layers of 1000nm, 5 layers of 430nm, 

5 layers of 1000nm). Assuming the velocity of the electrodeposition process is constant, this z-

dependency, plotted in Figure 4.7b), could be considered as a function of time. Two symmetrical 

cusps are observed around the extrema for each even number of half-layers, illustrating the anti-

monotone surface area variation for the overlap zone of two consecutive layers. 

Three other characteristics emerge from this theoretical calculation based on pure geometric 

considerations. First, the absolute minimal area should equal 10% of the whole surface for each 

half-layer thickness, in agreement with the value of 0.9 for the surface compacity – or packing 

factor – expected for a hexagonal pavement of disks (see chapter 2.2.3). It is worth noting that 

this minimum value is independent on the diameter of the particles. Second, the variation of the 

surface in the overlap between two consecutive stacks, around values of z close to 4.2 and 5.9 µm 

also exhibits local extrema that are not visible experimentally. Finally, when the metallic deposit 

reaches the top surface of the template, the electrochemically active area increases again until its 

maximum value, i.e. the geometrical surface of the bare substrate. This last feature was however 

not observed in our experiments, since we systematically stopped the electrochemical reaction 

just before the gold deposit reaches the top surface. To be more precise, the electrodeposition 

was performed until observation of the last maximum, corresponding to the 9th half-layer in 

Figure 4.7.  

Figure 4.8 a) and b) show cross section SEM images of macroporous gold electrodes obtained 

from the infiltration of Type A templates containing (a) three and (b) five sphere layers per stack. 

As intended, the infiltration of the templates has been stopped in the top layer of the template. In 

our experimental results we found that oscillations had much smaller amplitudes for the 
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infiltration of the stack composed of 470nm-spheres as theoretically would have been expected 

(see Figure 4.7a and b). This difference is due to the fact that layers of smaller particle size have 

been deposited onto bigger ones which creates a certain amount of disorder in this region of the 

template not being included in the theoretical model. Pore layers in the "defect stack" of the 

sample hence are found to exhibit a slightly wavy character (visible in Figure 4.8b), this lack of 

sphere layer alignment in the template being sufficient to suppress the emergence of well 

pronounced oscillating currents with a high amplitude. 

 
Figure 4.8:   SEM side views of macroporous gold electrodes obtained by infiltration of "Type A" templates and 
subsequent template removal. Templates were composed of three stacks of a) N = 3 and b) N = 5 sphere layers.  

 

In Figure 4.9 chronoamperometric curves for the infiltration of gold into "Type B" templates which 

consisted of three stacks of particles with an increasing diameter are presented. Certain half-layer 

filling levels at absolute current minima have been indicated by arrows in the plot, each color 

corresponding to a different sphere size in the different stacks of the "single-gradient" template. 

In both plots a decrease of the oscillation frequency is observed when stacks of bigger particles 

are infiltrated with gold. The electrodeposition was stopped after the 5th and the 19th half-layers 

of their respective third stack, consisting of three (top figure) or ten (bottom figure) layers of 

1000nm silica particles.  

The characterization of "Type B" templates by SEM images after the infiltration with gold and the 

removal of the template are shown in Figure 4.10 a) and b), respectively. The SEM image of the 

silica-gold composite illustrates well the level of precision provided by potentiostatic 

electrodeposition during the filling of the colloidal templates. As seen in Figure 4.10a) the 

deposition of gold into the void space of the template has precisely been stopped before the 

metal front began to grow out of the top layer of the template. This allowed to remove the silica 

template by dissolution, requiring diffusion of a dilute solution of hydrofluoric acid from the top 

surface to the bottom of the electrode.  
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Figure 4.9:   Chronoamperometric curves corresponding to the electrodeposition of gold in a "Type B" "single-gradient" 
template consisting of three consecutive stacks of N = 3 (top figure) or N = 10 (bottom figure) layers of 430, 740 and 
1000nm-particles. Arrows indicate the maxima corresponding to significant the half-layer positions in each stack. 

 

In Figure 4.10b) a macroporous "single-gradient" gold electrode with N = 10 pore layers per stack 

is shown, corresponding to the amperometric deposition curve presented in Figure 4.9 (bottom 

figure). The final macroporous material presents interconnected pores and a top surface with a 

remarkable flatness, illustrating the homogeneity of the electrodeposition process due to both, 

the adequate plating solution and the template quality. This is particularly well illustrated by the 

registered current transients in Figure 4.9 where almost every maximum of the current was 

resolved (up to 30 for the "Type B" sample shown in Figure 4.10b), whereas the best results 

described in the literature quote the detection of a mere 10 maxima of the current density for the 

infiltration of colloidal crystals composed of a single sphere size.209 
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Figure 4.10:   SEM side views of maroporous gold electrodes originating from gold deposition into "Type B" templates. a) 
After infiltration with gold for N=3 and b) after the template removal for N=10. 

 

Additional experiments were also carried out under similar conditions using the "Type C" 

templates shown in the Figure 4.4 and Figure 4.5. Again, the variation of the current density 

versus time has to be correlated to the architecture template, the amplitude of the oscillations 

decreasing slowly during the electrodeposition process, either due to a laterally inhomogeneous 

growth front of the gold deposit or a slight imperfection in the ordering of the colloidal particles 

in the template. 

 

Figure 4.11:   Chronoamperometric curves corresponding to the electrodeposition of gold in double-gradient templates 
with ascending-descending ("Type C1", top figure) and descending-ascending ("Type C2", bottom figure) structures 
(Numbers on spheres indicate the diameter of the particles used in the template).  
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A good example for the last-mentioned point is presented in Figure 4.11 (top figure) with the 

"ascending-descending" sequence. For the sake of clarity, the structure of the template was 

reminded at the top of the figure, using spheres that were positioned symmetrically around each 

extremum (corresponding to each half-layer) and whose size was exactly proportional to the 

actual size of the silica particles used experimentally. 

Indeed, the corresponding chronoamperometric curve is particularly remarkable since the first six 

current oscillations, related to each of the six monolayers of the "ascending" stack, are clearly 

visible and their period matches almost perfectly with the size of the particles. However, 

electrodeposition in the "descending" stack generates less pronounced oscillations. This result is 

in good agreement with the SEM images of the resulting inverse material, shown in Figure 4.12 a) 

and b), where a highly ordered porous structure is observed in the lower part of the sample (until 

the middle layer), whereas the degree of disorder is higher in the upper five layers, this being 

directly attributable to the stacking irregularities observed in the template (see Figure 4.4).  

 

Figure 4.12:   SEM side view-images of macroporous double-gradient gold electrodes with ascending-descending (a +b) 
and descending-ascending (c+d) pore size structures at different magnifications.    
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On the opposite, electrodeposition in the "descending-ascending" structure, where the variation 

in the particle size was more progressive between consecutive layers, leads to a much more 

symmetrical chronoamperometric profile, the maxima of the current density being still visible in 

the second "ascending" stack. The SEM images of the corresponding macroporous gold structure 

is shown in the Figure 4.12 c) and d). A very regular pore architecture is found in the double-

gradient structure, with a remarkable flatness of the top pore layer. As can be seen, the whole 

template was infiltrated with gold, using electrochemical deposition without growing over the top 

surface layer using the control provided by the recorded current oscillations.     

As mentioned in chapter 3.1.3, a wide range of materials including different metals, conducting 

polymers, oxides and certain semiconductors can be infiltrated into the void space of colloidal 

crystals using electrochemical deposition.  To illustrate that the results we showed so far are 

mainly depending on the quality of the template, electrodeposition of a conducting polymer film 

was performed into the "Type C" templates. Polypyrrole was deposited in potentiostatic mode as 

described in chapter 3.3.1.    

 
Figure 4.13:   Chronoamperometric curves corresponding to the electrodeposition of polypyrrole (E = +0,6V) in double-
gradient templates with ascending-descending ("Type C1", top figure) and descending-ascending ("Type C2", bottom 
figure)  structures.  
 

Figure 4.13 presents the chronoamperometric curves obtained during the electrodeposition 

within "Type C" templates, identical to those shown in the Figure 4.4 and Figure 4.5. Since the 

formation of polypyrrole results from an oxidation process of pyrrole, the faradaic current has a 
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positive sign and as a consequence, each current density minimum now corresponds to a 

minimum of the electroactive surface. 

Similarly to the results obtained with the gold plating solution, we again observe regular 

oscillations of the current density, here around a mean value of 0.3 mA/cm2. In the "ascending" 

stack of the ascending-descending structure, the interdistance between consecutive maxima is 

again in perfect agreement with the size variation of the particles from consecutive layers. As 

expected, oscillations are however less visible in the "descending stack". The order in the last five 

pore layers in Figure 4.14a) is considerably lower than in the first six layers explaining the lack of 

oscillations during the infiltration of the second part of the template. The flatness of the top 

surface is also less regular in PPy films compared to its gold homologue, as it can be seen in Figure 

4.14 a) and b). On the other hand, electrodeposition in the "descending-ascending" structure 

leads to an almost perfectly symmetrical chronoamperometric curve, indicating both (i) the good 

symmetry of the template architecture and (ii) a constant rate of reaction – or film growth 

velocity – suggesting that the electrochemical oxidation of pyrrole proceeds homogeneously. 

 

Figure 4.14:   SEM side view-images of macroporous double-gradient polypyrrole electrodes with ascending-descending 
(a +b) and descending-ascending (c + d) pore size structures in different magnifications.     
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Again, the SEM side view pictures in Figure 4.14c) and d) after dissolution of the silica particles in 

dilute HF confirm this statement. 

Figure 4.15 illustrates SEM cross-section images showing a macroporous PPy electrode with a 

pore size gradient in high resolution. It has been obtained from a template consisting of the 

"ascending" part of the "Type C1"  structure with one additional layer of 1200nm-spheres 

deposited on top. Filling this template up to the last half-sphere layer with PPy and removing the 

template led to the macroporous gradient structure shown in Figure 4.15 a) and b). The well-

ordered and uniform character of the structure found in "ascending" stacks of pore layers is 

particularly visible in these images. 

 

Figure 4.15: Macroporous PPy electrodes with a pore size gradient. Pore sizes are increasing from 240 to 1200nm. The 
top half-layer pore exhibits the same diameter as the underlying pore layer (d = 1200nm). Images with a a) high and b) 
lower magnification. 

 

In this section we successfully produced macroporous electrodes with complex pore architectures 

including defect, single- and double-gradient structures with a remarkably well-defined structural 

integrity. Current oscillations observed during the potentiostatic electrodeposition provided 

excellent control over the filling of the void space in the templates and hence the final thickness 

of the nanostructured electrode films. In the next chapter we will show how multilayers of 

different materials can be electrodeposited into colloidal monolayer templates. This leads to 

materials characterized by a 3-dim, periodic nanostructure in the subwavelength range, being 

interesting for different kind of applications, especially in the context of metamaterials.   
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5 Multilayer deposition of different materials in colloidal crystals  
 

In chapter 2.5 we introduced a group of materials gaining their exceptional optical properties (e.g. 

negative refractive index nonexistent in natural materials) from the structuration rather than 

from the single components in the material. We discussed principle metamaterial designs, 

including split ring resonators, double-fishnet structures and structures based on metallic wires or 

holes in metallic films and some of the applications that can be realized with these 

nanostructured materials. Metamaterials all have in common that the scale, at which 

inhomogenities are introduced in these materials, is much smaller than the wavelength of light at 

which the material is meant to operate. Usually top-down approaches are used for the fabrication 

of metamaterials, requiring expensive equipment and limiting the size of the smallest attainable 

structures (e.g. resolution limited lithographic processes).153, 160, 162 Bottom-up approaches based 

on self-assembly strategies hence represent a promising alternative towards a cost-effective 

realization of large-scale metamaterials. In the past templated electrodeposition already proved 

to be a feasible strategy to produce negative index materials.157  

In colloidal crystals different multilayer structures have been deposited so far to modulate the 

optical properties. High refractive semiconductor (Si/Ge)337 or inorganic ZnS/TiO2
338, 339 multilayer 

structures were deposited around the spheres in colloidal templates or into the pore volume 

(after removal of the template) using CVD and ALD, respectively, in order to modify the photonic 

bandgap or the photoluminescence in the material. Furthermore semiconductor quantum dots 

dispersed in titania inverse opals allowed to control the dynamics of spontaneous emission from 

these materials.340 However, the number of multilayers deposited in colloidal crystals and hence 

the modification of the colloidal structure is limited when CVD techniques are employed. In 

contrast, electrodeposition enables to fill a colloidal monolayer from the bottom to the top of the 

template with layers of different materials in a desired sequence. The thickness of each layer can 

be adjusted at will by controlling the charge used for the deposition of the respective layers. 

Principally, structures very similar to the double-fishnet design, hence could be generated by 

depositing alternating layers of two different materials in a colloidal template. However, using 

electrochemical deposition only conductive materials can be stacked in a multilayer structure, 

thus excluding metal-dielectric combinations, which are commonly used in metamaterials  (see 

chapter 2.5).  

Our strategy is based on the electrodeposition of a multilayer structure of different materials in 

colloidal monolayers. We first focused on the deposition of alternating layers of a conducting 

polymer and a metal into the colloidal template (see chapter 5.1). Owing to the refractive index 
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contrast between the conducting polymer and metal layers, the optical response of the material 

was expected to be significantly modified. In the second approach the void space in a colloidal 

monolayer was filled with alternating layers of gold and nickel (see chapter 5.2). In this case the 

material further could be modified by selectively dissolving either the colloidal template or the 

nickel in the multilayer structure. The optical properties of the materials were characterized using 

reflectance spectroscopy by comparing the experimental to the theoretically calculated spectra 

(see chapter 5.3).   

 

5.1 Alternating electrodeposition of conducting polymer and metal 

layers 

 

In this section, the electrodeposition of alternating metal and conducting polymer layers in 

colloidal templates will be discussed. In Figure 5.1 the different fabrication steps are illustrated. 

Colloidal monolayers, which are transferred on gold coated glass slides using LB, serve as 

templates for the electrodeposition. Thin conducting polymer and metal films, e.g. PPy and gold, 

are alternately deposited in the template. The same experimental setup as shown in Figure 3.7 

was employed, carrying out the deposition of the different materials in separate electrolyte 

solutions by applying an adequate potential. The control of the charge passed in each deposition 

enables to adjust the thickness of the individual layers. After the deposition, template removal 

leads to a material, in which the refractive index periodically changes for different angles of an 

incident light beam (indicated by arrows in the scheme at the bottom in Figure 5.1).    

     

 

Figure 5.1:  Schematic representation of the fabrication of an inverse 2D colloidal crystal with omnidirectional varying 
refractive index (indicated by the arrows in the bottom figure). The concept is based on electrodeposition of a 
conducting polymer/metal (e.g. PPy and gold) multilayer structure in the colloidal template followed by the removal of 
the template.      
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As the conducting polymer we chose polypyrrole due to the relatively low oxidation potential of 

the monomer of +600mV vs Ag/AgCl (see chapter 3.3.1). This is important as concurrent metal 

oxidation reactions may occur when applying high positive potentials during the polymerization. 

Consequently, the choice of the metal was restricted to gold and eventually platinum, which do 

not get oxidized at the oxidation potential of pyrrole. We first verified the feasibility of an 

alternating deposition of PPy and gold on gold coated glass slides without colloidal template. As 

shown in chapter 3.3.1, thin PPy films could be uniformly deposited on gold electrodes using 

chronoamperometric deposition. However, a certain minimum thickness is required to ensure a 

uniform coverage with PPy and to prevent the access of the solution to the underlying gold film 

during the subsequent gold deposition. Therefore, we reduced PPy films of different thickness, 

which had been deposited onto gold electrodes before, by applying a constant negative potential 

in acidic medium. Figure 5.2 shows that complete reduction of PPy films, assumed when the 

current reaches a constant low negative value, occurs, as expected, faster in thinner PPy films. For 

50nm-PPy films, however, the currents are much higher, indicating that besides the PPy reduction 

also hydrogen evolution at the underlying gold electrode contributes to the recorded current 

signal. Consequently, we used PPy films thicker than this threshold value of 50nm, typically about 

100nm thick, for a subsequent deposition of gold onto the polymer.     

 

Figure 5.2:  Plot of the PPy reduction current as a function of time for PPy films of different thickness on gold coated 
glass slides. A constant potential of -700mV was applied at the gold/PPy electrode during 30s in aqueous solution 
containing 0.5M HCl and 0.15M KCl.   

   

Metal deposition on conducting polymers is a quite complex process owing to the high number of 

parameters influencing the morphology of the metal film deposit. One of them is the polymer film 

thickness which was kept constant during our experiments. Another being the conductivity, 

changing as the polymer is converted from its reduced to the oxidized state. The maximum 
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intrinsic conductivity in conducting polymer depends on the synthesis conditions, e.g. the 

incorporated counterion, the applied potential and the employed solvent.267 When depositing 

gold on PPy films of constant thickness, we found that the morphology of the gold deposit was 

strongly dependent on the oxidation state of the polymer. Figure 5.3a) and c) show SEM images of 

gold deposits on oxidized PPy films, whereas in the samples shown in Figure 5.3b) and d) the PPy 

films were in the reduced state. For both cases the gold film did not cover the whole electrode 

area. The deposition of gold on oxidized PPy films occurred locally at certain spots of the film, 

whereas on reduced polymer films a more homogeneous distribution of gold nucleation sites was 

found. Using the commercial plating solution a potential of -700mV had to be applied to deposit 

gold on the polymer films (see Figure 5.3a and b). The initially oxidized polymer film for the 

sample in Figure 5.3a) hence is likely to be reduced during the gold deposition. In contrast using 

an aqueous gold salt solution (HAuCl4) allowed to deposit gold on the polymer films at more 

positive potentials, the polymer film thus being in its oxidized state during the gold deposition 

(see Figure 5.3c). 

 

Figure 5.3:  SEM top views of samples illustrating the influence of the oxidation state of PPy films (thickness: 100nm) on 
the morphology of the subsequent gold deposit. In a) and b) gold was deposited from the commercial gold plating 
solution ECF 60 at -700mV vs. Ag/AgCl, whereas in c) and d) a potential of +300mV was applied to reduce Au

3+
-ions in a 

10mM HAuCl4-solution. In a) and c) the PPy film was in the oxidized, in b) and d) in the reduced state prior to the gold 
deposition. The same amount of gold ( corresponding to a ~100nm-gold film in an even configuration) has been 
deposited on all samples by controlling the charge during the deposition.  

  

Similar works dealing with the deposition of metals on conducting polymers pointed out the 

importance of the porous structure in the polymers on the resulting metal deposit.341 It is likely 

that the metal ions reach the underlying metal electrode by diffusion where they are reduced. 



5 - Multilayer deposition of different materials in colloidal crystals 

 

99 
 

Hence, a competition exists between the reduction of metal ions at the underlying electrode and 

the inner/outer surface of the polymer.341 In reduced conducting polymer films, metal deposition 

is likely to start at the underlying metal electrode with a network of fine metallic wires growing 

through the microdefects in the polymer film. Reduction of metal ions on oxidized conducting 

polymers should preferentially occur at the surface of the polymer. However, as thin conducting 

polymer layers are often highly defective and ill reproducible in their microstructure, it is rather 

difficult to study the nucleation and growth processes of metals on these films.341  

In order to achieve a smooth and uniform metal growth on the PPy films, we also tested 

galvanostatic and pulsed deposition methods, by varying the applied current density and the 

pulse duration under different potentials and current densities, respectively. A significant 

improvement of the metal film homogeneity, similar as for platinum deposition on PPy, however 

could not be attained. The rather rare examples where gold has been uniformly deposited on 

polypyrrole was obtained in anodized alumina templates to produce Au-PPy-Au nanowires.342-344 

The confined volume which is available for the growth of material in the template here may lead 

to a quicker coalescence of individual nucleation spots compared with a deposition on planar PPy 

films. Thus, we electrodeposited a multilayer structure of gold and PPy into the void space of a 

colloidal template.  

 

 

Figure 5.4:   SEM cross section views of colloidal (monolayer-) templates after alternating deposition of gold and PPy. In 
a) - c) a thin PPy layer (about 80-100nm) has been deposited on top of the gold film (deposited from ECF 60 plating bath) 
which filled half of the 600nm-sphere template. The subsequent gold deposit was carried out from a) 10mM HAUCl4 at 
+0,3V b) first from 10mM HAUCl4 at  +0.3V and then from ECF 60 at -0,7V and c) Oromerse gold plating bath at -0,5V. In 
d) four alternating layers of PPy and gold were deposited in a 395nm-monolayer template. Gold was deposited at -0,7V 
in ECF 60 plating solution on the previously reduced PPy films. The same sample is shown in e) after the removal of the 
silica template.     
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In Figure 5.4a) to c) SEM cross section views of colloidal templates filled with a primary gold 

(slightly less than a half-layer filling level), subsequent PPy (~80-100nm thick) and a top gold layer 

are shown. Different electrolyte solutions and applied potentials were used to deposit the top 

gold layer on the oxidized PPy films. Using commercial gold plating solutions (see Figure 5.4b and 

c) resulted in non-coherent metal films of inhomogeneous thickness. More coherent film growth 

was observed when aqueous gold salt solutions were used (see Figure 5.4a). However, the surface 

roughness of the deposits was considerably higher in this case. Four alternating layers, each bout 

100nm thick, of PPy and gold were deposited into the colloidal monolayer shown in Figure 5.4d). 

In Figure 5.4e) the same sample is shown after removal of the silica template in hydrofluoric acid. 

The individual gold and polymer layers are clearly separated and can be well distinguished in SEM 

images due to the difference in electrical conductivity. Although we showed that it is possible to 

produce such thin multilayer structures of gold and PPy in colloidal templates, the film quality was 

not sufficient to allow an extensive study of their optical properties.  

Therefore we focused on the deposition of alternating metal layers in colloidal templates which 

was meant to lead to the growth of more homogeneous film layers combined with a better 

control and reproducibility of the structure.        

 

5.2 Electrodeposition of metal multilayers 

 

In the past, electrodeposition already proved to be a well-suited technique to generate metal 

multilayer films.345-349 In order to electrodeposit multilayered films, either single-346, 348, 349 or 

double-bath345, 347 methods can be employed. In the single-bath method the electrolyte contains 

the salt of all metals that are deposited. The most noble metal is deposited at the least negative 

potential whereas the less noble metal is co-deposited with the more noble one.348 The 

composition of the mixed metal phase can be altered by changing the ratio of the metal salts in 

the electrolyte or the conditions during the electrodeposition. The benefit of this technique is 

related to its simple setup. In the double-bath method the electrodeposition of each metal is 

carried out in separate electrolyte solutions (see previous chapter). This offers the advantage that 

homogeneous films of pure metals with a sharp interface between the individual layers can be 

obtained.347 Using either of these methods allowed to produce a range of different multilayered 

metal films including Co/Pt,345 CoPt/Cu,347 Fe/Pt,349 CoCu/Cu348 and Ag/Sb346. The thickness of the 

individual layers can be controlled by the charge applied in the different deposition steps. Layers 

of only a few nanometer thickness could be successfully deposited forming multilayer 

structures.345  



5 - Multilayer deposition of different materials in colloidal crystals 

 

101 
 

In our experiments two separate plating solutions were employed to deposit Au/Ni multilayers in 

a colloidal template. We used potentiostatic electrodeposition with the same applied potentials 

and plating solutions as previously described in chapters 3.2.1 and 3.2.2. The experimental setup 

for the electrodeposition of gold and nickel multilayers was similar to that shown in Figure 3.7, 

the deposition alternately occurring in one of the two plating solutions. Among different possible 

metal combinations we chose gold and nickel, as none of the two metals was oxidized at the 

different deposition potentials (-0.66V and -0.93V for gold and nickel, respectively) and the 

electrodeposited films proved to be smooth and homogeneous (see chapters 3.2.1 and 3.2.2). 

Furthermore nickel is chemically less stable than gold, which allows selective dissolution of the 

nickel phase in aqueous sulfuric or nitric acid solutions. The schematic representation of the 

fabrication steps is shown in Figure 5.5. The process is similar to the one shown earlier in Figure 

5.1. After the multilayer deposition, however, either the colloidal template or the nickel phase 

could selectively be dissolved leading to materials of different composition and hence different 

optical properties.  

 

Figure 5.5:  Schematic representation of the deposition of gold and nickel multilayers in a colloidal monolayer template. 
After the deposition either the template or the nickel phase can be dissolved leading to materials with different optical 
properties. In the bottom figure the material is illustrated after the dissolution of nickel showing a  3-dim varying 
refractive index. 

     

By depositing only a single or two alternations in a colloidal template we first verified the 

feasibility of generating multilayer structures of gold and nickel using electrodeposition. Figure 5.6 

shows the chronoamperometric curves for the successive deposition of a (Au/Ni/Au) structure in 

a colloidal template. As described in chapter 3.2.1, current oscillations were observed during the 

amperometric deposition in colloidal templates due to a periodic variation of the electroactive 

area. The same phenomenon is in principle observed in Figure 5.6, with one oscillation being 

divided into distinct parts. When gold grows into the void space of the first half-layer in the 
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template, the available electroactive area is reduced and the absolute current value consequently 

decreases (for t > 100s). In the subsequent nickel deposition, we observed first decreasing (t > 50s) 

and then increasing (t > 200s) values of the absolute current passing through a local maximum in 

the plot. The nickel growth front hence passed the centre line of the first sphere layer in the 

template. In the last gold deposition the absolute current continued to increase. Adding up these 

three deposition curves equals a full oscillation indicating that one sphere monolayer in the 

template has been filled with the (Au-Ni-Au) deposit.  

 

 

Figure 5.6:  Chronoamperometic curves of 1) gold (left), 2) nickel (middle) and 3) gold (right) deposition in a colloidal 
monolayer template (sphere size 1200nm). The potential applied during the gold and the nickel deposition was fixed at 
-0.66V and -0,93V, respectively.  

 

To verify this, we broke the sample after the deposition of the multilayer structure and examined 

its cross section in the SEM. As can be seen in Figure 5.7c), three successive layers of gold, nickel 

and gold exactly filled the void space of one sphere layer. Due to the higher conductivity of gold 

compared to nickel, the former is brighter in the SEM images and can be clearly distinguished 

from the nickel layers. The interface between successive layers is found to be remarkably smooth 

and uniform over the entire sample area. Figure 5.7a) shows a sample with the first half-layer of 

the template filled with nickel and the second one with gold. Similar current oscillations allowed 

to control the filling level in each deposited metal layer. Owing to its lower chemical stability 

compared to gold, nickel can be selectively dissolved in aqueous nitric or sulfuric acid solutions. 

Figure 5.7b) and d) show a cross section view of the same samples as illustrated in Figure 5.7a) 

and c), respectively, however after the nickel dissolution. In Figure 5.7b) the remaining gold layer 

in the silica template is stable and does not collapse even after the complete dissolution of the 
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underlying nickel layer. In Figure 5.7d) the distance between the remaining gold layers is found 

slightly increased in certain areas.  

 

Figure 5.7   Cross section SEM views of samples obtained by gold and nickel electrodeposition into a colloidal templates 
(sphere size: 1200nm). a) Nickel-gold deposit in the template. b) Sample shown in a) after dissolution of the nickel layer 
in nitric acid (13%). c) Gold-nickel-gold deposit (sample corresponding to the chronoamperometric curves shown in 
Figure 5.6). d) as c) but after the nickel dissolution.   

  

Next, we deposited a multilayer structure with a higher number of alternations in a colloidal 

monolayer by reducing the thickness of each layer. This could be attained by reducing the 

electrodeposition time for a single layer. Figure 5.8 schematically shows the cross section of a 

colloidal monolayer template filled with 14 alternating layers of nickel and gold allowing to 

illustrate the sample which has been produced. The different layers were deposited by stopping 

the electrodeposition manually after a certain, not constant time. The chronoamperometric 

curves for some of the deposited layers are plotted in Figure 5.9a) and Figure 5.9b) for the nickel 

and gold depositions, respectively. In both cases the curves were observed to shift in successive 

layer depositions towards lower absolute reduction currents until reaching the 10th layer in the 

template. From the 10th to the 14th layer, the reduction currents increased again towards higher 

absolute values. 
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Figure 5.8:   Scheme of a multilayer structure containing a total of 14 alternations of nickel and gold layers deposited in 
a colloidal template monolayer.  

 

As seen in the 2D illustration of the sample in Figure 5.8, the electroactive area between 

neighboring spheres is constantly reduced until a half-layer filling level is reached, in the present 

case this point was reached during the deposition of the 10th layer in the template. In 

subsequently deposited layers, the electroactive area, and hence the reduction current increases 

again.  

 

 

Figure 5.9 a) and b): Selected chronoamperometric curves of the 14 alternating layers of a) nickel and c) gold, deposited 
in a colloidal monolayer template (sphere size: 1200nm). The absolute current values are found to decrease up to the 
10th layer in the crystal (half-layer filling level!) and increase afterwards for the remaining layers. b) and d) show a plot 
of the current at fixed deposition times ((b) t = 95s for nickel and (d) t = 100s for the gold deposition curves) as a 
function of the number of the deposited layer in the crystal.   
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This finding is also well illustrated by plotting the reduction currents (at a fixed time, t= 95 and 

100s for nickel and gold deposits, respectively) as a function of the number of the layer deposited 

in the colloidal template, shown in Figure 5.9b) and d) for nickel and gold, respectively. In both 

figures the same trend is visible confirming the previously described findings. In fact, in each of 

the figures we obtain a part of an oscillation providing information about the filling level in the 

template.  

SEM cross section views of the corresponding sample with 14 alternating nickel and gold layers 

deposited in a 1200nm-sphere template are shown in Figure 5.10a) - d) either directly after the 

electrodeposition (a), after the dissolution of the silica template (b and c) or after the dissolution 

of the nickel layers (d). Both, the thickness of the whole deposit and of the individual layers are 

very uniform throughout the entire sample.  

 

Figure 5.10: SEM cross section views of a) 14 alternating nickel-gold film layers deposited up to a height of about 1µm in 
a colloidal monolayer (sphere diameter: 1200nm). b) and c): the same sample as shown in a) after the dissolution of the 
silica template at different magnifications. d) the same sample as in a) after the dissolution of nickel in nitric acid 
solution (13%). 

     

Owing to the varying deposition times, the thickness of the individual layers slightly varies (e.g. 

compare the 4th and 10th gold layer). In Figure 5.10b) the curvature in the multilayer metal film 
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produced by the colloidal template is visible. At spots, where the spheres in the original template 

were in contact, no metal deposition occurred thus leaving air voids in the film after the template 

dissolution. These voids are located exactly in the half-layer plane of the template. The void in 

Figure 5.10b) is centered in the 10th deposited layer, hence supporting the prediction made on 

the basis of the results shown in Figure 5.9a) - d). As metal growth was inhibited at these spots, 

the metal layers on top are found slightly bent down, providing evidence for the growth front 

proceeding in a not completely homogenous way during the infiltration of the colloidal template. 

When dissolving the nickel in the multilayer structure (see Figure 5.10d), thin gold layers tend to 

stick together (2nd and 4th gold layer), whereas thicker ones (8th to 14th gold layer) stay well 

separated preserving their original configuration.   

 An impression of the 3-dimensional structure of certain samples is given in Figure 5.11. In Figure 

5.11a) a multilayer structure composed of 6 alternating Au-Ni layers is shown. Parts of the 

multilayer film were detached from the surface of the sample allowing to characterize its 

structure from below. In some spots the multilayer structure is hidden by remaining spheres, 

whereas it is clearly visible in other parts where the spheres had vanished. In this case the spheres 

were not in a close packed arrangement prior to the infiltration.  

 

Figure 5.11 a) SEM view from below of a part of a Au/Ni multilayer film with 6 alternating layers. In certain areas the 
sphere template remained in the film, in others it had vanished. b) The same sample as shown in Figure 5.10d) at the 
edge of the sample.  

      

Figure 5.11b) provides a view of the border of the sample previously shown in Figure 5.10d). By 

taking a close look, one can see the different gold layers which are stacked onto one another 

separated by air. Evidently, without spheres the gold films lack the mechanical stability as seen in 

the left part of the image. But seemingly, the gold layers are well organized and separated from 

each other at the interface where the sphere template is still existent.  
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In order to evaluate the possibility to deposit an even higher number of alternating metal layers in 

a monolayer sphere template, we further reduced the thickness of the individual gold and nickel 

layers by reducing the electrodeposition time for each layer. Additionally, we chose a nearly 

constant deposition time in order to grow gold (t = 54  1s)  and nickel layers (t = 60  1s, 

exception: 1st layer)  in the template. In this way 42 alternating layers of nickel and gold were 

deposited into the void space of a 1200nm-sphere template.   

Similarly as shown in Figure 5.9a) and c), chronoamperometric curves for the deposition of 

selected nickel and gold layers in the template are presented in Figure 5.12a) and c), respectively. 

The same trend as before is observed showing first a decrease of the absolute reduction currents 

until the growth front reaches a half-layer filling level in the template (from the 3rd to the 25th 

and the 2nd to the 24th deposited layer for nickel and gold, respectively), while the deposition of 

subsequent layers leads to increasing absolute values of the current.  

 

 

Figure 5.12 a) and b): Selected chronoamperometric curves of the 42 alternating layers of a) nickel and c) gold 
deposited in a colloidal monolayer template (sphere size: 1200nm).  The absolute current values are found to decrease 
up to the 25th layer in the crystal (half-layer filling level!) and increase afterwards for the remaining layers. b) and d) 
show a plot of the current and the charge passed at fixed deposition times ((b) t = 59s for nickel and (d) t = 53s for the 
gold deposition curves) as a function of the different deposited layers in the crystal. 

      

By plotting again the reduction current at a fixed time (t = 53s for gold and t = 59s for nickel layers) 

as a function of the deposited layer, this trend is confirmed and a well defined "current 
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oscillation" is obtained for both, nickel and gold layer deposits. The charge consumed during the 

deposition of the different metal layers is also represented in both figures and shows the same 

trend. In the present case the half-layer filling of the template is reached for the 25th deposited 

layer, being located at the minimum of both, the absolute current and the applied charge. These 

results suggest that the deposition occurs uniformly in the template over the entire sample area. 

SEM cross section images of the sample containing 42 alternating layers are illustrated in Figure 

5.13a) - d). Figure 5.13a) - c) show the sample after the electrodeposition at different resolutions 

while in Figure 5.13d) the nickel in the multilayer structure has been dissolved. 

  

 

Figure 5.13 a) - c): SEM cross section views of 42 alternating nickel-gold layers deposited up to a height of about 
1050nm in a colloidal monolayer (sphere diameter: 1200nm) at different magnifications. d) The same sample as in (a - c) 
after the dissolution of nickel in nitric acid solution (13%).  

    

The template was infiltrated with the multilayer film up to a height of about 1050nm leading to a 

thickness of 25nm for the individual layers supposing that all layers have the same thickness. The 

SEM images suggest that the gold layers are slightly thicker compared to the nickel layers. A 

remarkable flatness and uniformity is found for both, the individual layers and the entire 

multilayer film at the different scales. Owing to the constant deposition time, layers of the same 
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metal all have the same thickness (except for the first nickel layer where the electrodeposition 

time was longer). The reduced thickness of the individual layers is found to result in a 

considerable loss of stability in the structure when the nickel intermediate layers are dissolved in 

acidic solution. In Figure 5.13d) individual layers are found to stick together building distinct gold 

multilayer blocks in the sample. Although only the cross section of the films could be examined by 

SEM, it is likely that the configuration of individual gold layers was also changed in other areas of 

the sample when nickel was dissolved in the multilayer structure.  

Despite the promising results shown so far, certain points still may be optimized in order to 

improve the structural quality of the final material. First of all, a perfectly organized monolayer of 

spheres is  crucial to reduce the losses due to structural inhomogeneity in the material during 

optical measurements. As shown in Figure 5.11a) the sphere monolayer produced by LB was not 

in a close-packed arrangement in certain samples. On the other hand, the electrodeposition into 

close-packed templates leads to pores which are interconnected by air voids, thus preventing the 

complete separation of solid and air phases in the inverse structure. However, in metamaterial 

design (e.g. the double-fishnet structure) the solid phase is completely separated from the air 

phase. Hence, organized non-close packed sphere assemblies might be an alternative template 

for the electrodeposition of multilayers.350 Lower packing densities in 2D colloidal films can be 

obtained by liquid- 178 or plasma-etching techniques351 or methods based on controlled 

pyrolysis.352 Using prestructured substrates in the LB technique also enabled to fabricate non-

close packed sphere monolayers by adjusting the compression of the Langmuir-films.353 Finally, 

the selective dissolution of nickel was carried out in acidic solution. It may also be possible to 

remove the nickel by exposing the sample to a gaseous, acidic atmosphere, probably resulting in 

smaller structural changes during the removal of intermediate nickel layers.  

In the following section an optical characterization of certain of the fabricated samples is 

performed using reflectance spectroscopy.  

  

5.3 Optical characterization of metal multilayer samples  

 

Reflectance spectroscopy was employed to record optical spectra of the samples shown in Figure 

5.10 a) - d) based on 14 alternating gold and nickel layers deposited in one sphere monolayer. 

Experiments were carried out using a 20/20 PVTM UV-visible-NIR microspectrophotometer from 

CRAIC Technologies operating at normal incidence in the 250-1700nm range. The experimental 

spectra recorded in the 250-1700nm range were then compared to simulated ones, calculated in 
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the 400-8000 nm range, according to a finite-difference time-domain (FDTD) method. We 

assumed a fcc arrangement of monodisperse spheres that has been filled with alternating gold 

and nickel layers, each having a thickness of 75nm (see further details in chapter 9.1.3.1). The 

results of the experimental and the calculated spectra are compared in Figure 5.14 for three 

different samples containing either all components (a), all except the silica template (b) or all but 

the nickel layers (c). The intensity of the calculated spectra has been reduced by a factor two in 

order to enable a better comparison with the experimental results. 

     

 

Figure 5.14:  Experimental compared to calculated reflectance spectra for samples based on 14 alternating (Au/Ni) 
layers (theoretical thickness: 75nm) deposited in a 1200nm-silica sphere monolayer. Spectra for a) the sample after the 
electrodeposition composed of silica spheres and metal multilayer structure (see Figure 5.10a). b) the sample without 
the colloidal template (Au/Ni-multilayers with air voids, see Figure 5.10b and c). c) the sample without the intermediate 
nickel layers (Au/Air-multilayers with silica spheres, see Figure 5.10d). d) Optical view of the sample employed for the 
recording of the spectrum shown in c) without nickel. The black square indicates the measurement zone. Five spectra 
were recorded at different spots in the samples (a - c) by representing their mean value in the plots. 

    

For the interpretation of the results it has to be considered that the spectra were calculated for 

an ideal sample with fcc sphere packing and a constant layer thickness of 75nm for each 

multilayer film differing from the real configuration in the fabricated samples. Nevertheless, a 

quite good agreement between measured and calculated spectra is obtained.  
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In Figure 5.14a) a fairly good correlation between both spectra is visible for wavelengths below 

1100nm. Double peaks in the calculated spectrum may be expressed by a broad single peak in the 

experimental curve (e.g. at ~700 and 770nm - calculated and ~780nm -experimental). The peaks 

lying between 1100 and 1350nm are not observed in the experimental spectrum. The best match 

between the experimental and the calculated spectra was obtained for samples where the silica 

template has been replaced by air. In Figure 5.14b) all peaks in the calculated are also resolved in 

the experimental spectrum, shifted towards smaller wavelengths. In this case the recorded 

intensity of the reflectance also was higher compared to the sample containing silica spheres 

which is attributed to a reduced absorption of light in the material. The last example compares 

experimental and calculated spectra for the sample where the intermediate nickel layers have 

been dissolved in the multilayer structure. Probably owing to the structural changes occurring in 

the remaining gold layers during the nickel dissolution the least agreement between both, 

calculated and measured spectra is observed for this case. By changing different parameters 

(sphere size, number and thickness of individual layers, filling level of the template...) in the 

fabrication of these multilayer samples, the influence of each parameter on the evolution of the 

optical spectra can be assessed. This should allow to tailor materials with optical properties 

depending on the nanostructuration of its components.  
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6 Catalytically active macroporous microelectrodes with 

cylindrical geometry  
 

Improving the performances of electrochemical devices for applications ranging from analysis to 

catalysis and energy conversion has become one of the most important issues of research during 

the last years.6, 354 In this field, controlling the architecture of an electrode in order to achieve a 

higher accessibility or a better mass transport, as well as obtaining larger active areas, are 

development strategies of high interest for example for analytical 10 or optoelectronic 

applications.355 As described in chapter 3.4, macroporous electrodes showed superior 

performance compared to their non porous homologues for different applications in fields 

including analysis, catalysis and energy storage or conversion. In electroanalysis, they 

outperformed smooth electrodes offering improved sensitivity towards the detection of different 

biomolecules217, 241, 315-319 or heavy metal ions.227, 228 Higher catalytic activities for hydrogen 

peroxide reduction,217 NADH,216 methanol or ethanol oxidation356 equally were reported when 

macroporous instead of flat electrodes were used.  

However, the application of these devices is limited due to their macroscopic size and planar 

geometry. Therefore, a huge application potential still remains for this type of materials, assuming 

they can be prepared with a smaller overall size. Miniaturized systems might indeed be really 

useful for some applications like in vivo measurements, biofuel cells,357 and more generally, all 

devices where confined media with a limited accessibility are involved.358  In this field, cylindrical 

structures may be very convenient to use and they already proved to be of high interest for 

analytical purposes,359 despite the difficulty of the theoretical aspects since equations for 

diffusion cannot be solved analytically for a cylindrical geometry, unlike for planar or spherical 

ones.360 Gold, platinum or carbon fiber microelectrodes have for instance been used successfully 

for detection of mercury and copper ions by anodic stripping voltammetry. 361-364  

In porous cylindrical microwires, which can be produced by colloidal crystal templating, small 

overall dimensions are combined with high active electrode areas. However, very surprisingly, 

there are very few reports in the literature dealing with the elaboration of colloidal templates 

with a nonplanar geometry. In these works, templates were obtained either by sedimentation of 

latex or silica dispersions in glass capillaries and poly(methyl methacrylate) (PMMA) or Kapton 

tubes,365-367 dip-coating onto glass fibers,368 or electrophoretic deposition onto carbon fibers369 

and were then infiltrated to obtain porous polymeric365-368  or metal replicas.369 We used a 

different strategy allowing to control both, the thickness of the colloidal template and the 

infiltration of the latter using electrodeposition with a very high accuracy. A scheme illustrating 
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the different steps involved in the fabrication of macroporous  gold cylinders is shown in Figure 

6.1. 

 

Figure 6.1   Schematic representation of the fabrication steps involved in the generation of macroporous gold 
microelecetrodes with cylindrical geometry. 

 

Gold microwires of three different diameters ranging from 25 to 250µm served as substrates for 

the deposition of silica colloidal crystals. The desired number of sphere monolayers could be 

transferred onto the wires by using the LB technique (see chapter 6.1). Similar as for electrodes 

with a planar geometry, the filling ratio of the colloidal template with gold or polypyrrole could be 

precisely controlled during the potentiostatic electrodeposition due to the oscillating current 

response. After the removal of the inorganic template the macroporous wires were characterized 

by SEM imaging (see chapter 6.2). Additionally, the active surface area of the macroporous gold 

wires was determined electrochemically (see chapter 6.3) and their usefulness towards the 

catalytic reduction of oxygen was examined (see chapter 6.4). Finally, a strategy is presented how 

miniaturized electrochemical cells could be fabricated in a single device using colloidal crystal 

templating (see chapter 6.5). 

 

6.1 Fabrication of colloidal crystal templates on gold wires  

 

Synthetic 2D or 3D colloidal crystals of silica particles obtained through the LB technique have 

mainly been considered, if not exclusively, on planar glass substrates. This is due to the interest in 

the optical properties of the opal films being readily studied in UV-vis spectroscopic 

measurements on transparent glass substrates. The transfer of silica Langmuir films on clean 

hydrophilic glass slides occurs readily and further treatment of the substrates is not required. 

Similarly, as we have shown in chapter 4.1, reflectance spectroscopy can be used to characterize 

colloidal crystals assembled on glass slides covered with a thin gold layer. As mentioned in 

chapter 2.2.3, a transfer of silica Langmuir films occurs on sufficiently hydrophilic substrates 

building up a meniscus at the water-substrate interface during the upstroke. The successful 
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transfer of Langmuir films consequently is not restricted to a planar substrate geometry. In this 

work, for the first time cylindrical LB films with silica particles in the micrometer size range were 

synthesized. To achieve this, commercial gold wires were first cut in small pieces with a length 

between 25 and 30 mm and, after a fast cleaning treatment, were used as substrates for the LB 

deposition. A home-made Langmuir trough (see Figure 6.2b) with two mobile barriers and a 

maximum interface area of 1000cm2 was successfully used to form Langmuir films of silica 

particles with various diameters (see details in the experimental section 9.1.4.1). As shown in 

Figure 6.2a), the gold wires were fixed to a glass substrate which then was attached to the dipping 

mechanism (see Figure 6.2b). Fast immersion followed by slow withdrawing cycles allowed to 

transfer silica sphere monolayers onto the cylindrical gold wires up to a desired number   of 

deposited layers.  

 

 

Figure 6.2: Photographs of a) cylindrical gold wires (diameter 250µm) after the deposition of 50 layers of 420nm silica 
particles. b) the home-made Langmuir trough with two mobile barriers, a pre-cut paper as Wilhelmy plate for surface 
pressure measurement, and a dipping system. On this picture, the dipper holds two pieces (3cm-long) of a 50µm gold 
wire as substrates. c) and d): SEM images of LB films deposited onto gold wires of different diameters with (c) 25 layers 
of 690nm-silica particles onto a 50µm-wire. (d) 25 layers of 420nm-silica particles onto a 25µm-wire.  
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As illustrated in Figure 6.2c) and d), SEM side view pictures of the so-formed LB films show that 

the colloidal stacking is regular over very large distances, whatever the diameter of the wire. In 

order to better illustrate its thickness, a small portion of the template has been removed in these 

pictures. The cylindrical gold substrate is clearly visible (it appears in white due to its high 

conductivity) and the thickness of the homogeneous LB film can be measured quite precisely. Due 

to the small dimensions and the cylindrical geometry of the samples reflectance spectroscopy 

here was not an adequate technique to measure the thickness of the colloidal template. The 

experimental value for the thickness of the template retrieved from SEM observations can then 

be compared with the theoretical one given by the equation 2.8, assuming a compact stacking of 

the monolayers: 

            
 

 
         (2.8) 

with   being the diameter of the silica particles,   the number of bead layers and   the total 

thickness of the template.95 For the template pictured in Figure 6.2c), values of d = 0.69µm and N 

= 25 result in a theoretical thickness of e = 14.2µm. This is in excellent agreement with the 

thickness estimated from the SEM pictures whose mean value was found to be close to 14.1 µm. 

In other words, cylindrical colloidal assemblies with a regular thickness and a well-controlled 

architecture can be obtained by the LB technique with all the interesting features already 

mentioned before for planar geometries in this work.  

 

6.2 Electrodeposition of metals and conducting polymers  

 

The gold wires coated with silica colloidal crystal films were then used in a second step as working 

electrodes in a conventional three-electrode electrochemical cell, illustrated in Figure 6.3. 

Contrary to the setup employed for the electrodeposition onto planar samples (see Figure 3.7) a 

cylindrical platinum mesh served as counter electrode in order to ensure that the whole cell has 

the working electrode as a symmetry axis. This enabled a homogeneous deposition with a 

uniform growth speed throughout the wire. In contrast, using planer CEs was found to lead to a 

preferential deposition on the side of the wire facing the CE.  After a few seconds, to allow 

diffusion of the commercial gold plating solution into the silica deposit, the potentiostatic 

reduction of the gold sulphite ions, AuSO3
2-, contained in the electrolytic bath was carried out at a 

potential of -660mV vs. Ag/AgCl. The intensity of the faradaic current was then measured as a 

function of time. 
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Figure 6.3: Experimental setup employed for the electrodeposition in colloidal templates on microwire electrodes. A 
cylindrical platinum mesh (CE) was placed symmetrically around the gold wire (WE) in order to ensure homogeneous 
film growth on the wire.   

 

Similarly as shown for samples with planer geometries we were able to observe oscillating 

currents in the chronoamperometric curves during the infiltration of colloidal templates on gold 

wire electrodes. This can be attributed to a periodic variation of the active surface area of the 

growing gold deposit during the infiltration of the template voids. In Figure 6.4 the 

chronoamperometric curves for the deposition into templates composed of different sphere 

diameters on 50µm gold wires is shown.  

 

 

Figure 6.4:  Chronoamperometric curves (E = -0,66V vs. Ag/AgCl) corresponding to the electrodeposition of gold within 
multilayered templates of silica particles with different diameters. Arrows indicate the positions of the first and sixth 
local maxima corresponding to the 1

st
 and 11

th
 half-layer. Diameter of the supporting gold wires: 50µm.  
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For the sake of comparison, intensity was normalized to an intensity per electrode length by 

dividing the experimental i(t) signal by the estimated depth of immersion of the wire in the gold 

plating bath (with an accuracy of ±1 mm). The current was found to oscillate more or less 

regularly around a mean value close to 23µA during the infiltration of the different templates. 

Such a result already suggests, without any other information, that the top surface of the growing 

structure is smooth and homogeneous and that the packing of the colloidal template is regular.  

Therefore, each local maximum on this graph should correspond to a minimum of the surface 

area of the growing film, i.e. when the thickness of the gold deposit equals an uneven number of 

half-layers of particles. In a planar geometry, this would match the equatorial planes of each 

deposited layer of particles. Assuming a compact stacking and the corresponding geometric 

considerations, the distance a between two consecutives planes is given by equation 6.1: 

 

   
 

 
        (6.1) 

where d is the diameter of the colloidal particles. 

As seen on the plot, the deposition time t between the first equatorial plane (first half-layer of 

particles) and the sixth one (eleventh half-layer) is strongly depending on the size of the silica 

particles. Similar to the results shown in Figure 3.11a) a decrease in the oscillation frequency was 

found in templates with bigger spheres. From the peak positions, we can easily estimate for each 

particle size a mean growth speed <v> of the gold film in the colloidal crystal structure described 

by equation 6.2: 

 

    
   

  
 

   

          
     (6.2) 

As summarized inTable 6.1, it seems that the particle size does not affect the growth speed of 

gold in the templating structure, which is rather constant and close to 3nm.s-1 in our experimental 

conditions. This result also suggests that the particle size has no incidence on the diffusion of gold 

sulphite ions and therefore does not affect the deposit growth mechanism. A parameter 

exhibiting strong influence on the growth speed of the metal deposit is the concentration of metal 

ions in the plating bath. Due to depletion of metal ions in the electrolyte, slower growth rates can 

be observed in the course of the electrodeposition experiments. However the total amount of 

deposited gold here was rather small with respect to the employed electrolyte volume, so that 

this effect was of minor importance for the deposition onto cylindrical microwires.  
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 d = 420 nm d = 690 nm d = 1200 nm 

a (nm) 342.9 563.4 979.8 

t 1/2 (s) 94.4 141.6 274.7 

t 11/2 (s) 665.6 1068.0 1953.0 

<v> (nm.s
-1

) 3.00 3.04 2.92 

Table 6.1: Calculation of the growth speed <v> of the gold deposit in colloidal templates composed of spheres with 

different diameters d. 

 

We have also verified that it was possible to observe this periodic evolution of the faradaic 

current during longer periods of time, i.e. until the gold deposit reaches a large thickness. As it 

becomes clear from Figure 6.5, oscillations are visible up to at least 41 half-layers – thus 

corresponding to over 20 layers of particles – whatever the diameter of the gold wire. It is worth 

noticing that during the first minutes of the deposition, the current oscillates around a mean 

value of -22(±1)µA for the 50µm wire and -95(±5)µA for the 250µm wire. This result confirms that 

the electroactive surface is directly proportional to the geometrical surface of the bare substrate. 

 

 

Figure 6.5:  Chronoamperometric curves (E = -0,66V vs. Ag/AgCl) corresponding to the electrodeposition of gold within 
colloidal assemblies of 50 and 25 layers of 420nm-silica particles deposited onto gold wires of 50 and 250 µm, 
respectively. 

 

Gold wires have been characterized directly after the electrodeposition process by cutting the 

cylindrical wires allowing to examine the cross section of the gold deposit in the colloidal 
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template by SEM imaging. In Figure 6.6a), the edge of a 250µm-gold wire used as an electrode 

with 25 layers of 690nm-silica particles as template is observed at low magnification. In this 

particular case, electrochemical deposition was carried out until the gold deposit became slightly 

thicker than the template. The surface of the electrode seems homogeneous at this scale without 

any porosity, but peeling off the porous layer and observing it at higher magnification reveals that 

there were exactly 25 layers of silica particles deposited onto the gold wire during the Langmuir-

Blodgett deposition which are completely filled with gold (see Figure 6.6b). On the right side of 

this image, the bottom surface of the gold-silica layer (which was in direct contact with the wire) 

looks very smooth whereas on the left side, it appears that the thickness of the metallic deposit is, 

as expected, just a few hundreds of nanometers thicker than the original LB film. 

 

 
Figure 6.6   SEM pictures of a gold-filled colloidal crystal deposited onto a 250µm gold wire: a) Top view of the edge of 
the electrode; b) Side view of the gold-silica composite layer with 25 monolayers of 690nm-silica particles as template. 

 

When the growth of the gold deposit was stopped before reaching the top surface of the 

template, removal of the silica particles was possible by infiltration of a dilute hydrofluoric acid 

solution. Under these conditions, SEM side views provide important information about the 

architecture of the electrodes. First, the homogeneity of the samples is particularly obvious over 

large distances, not only over half a millimeter as pictured in Figure 6.7a), but all along the wire 

electrode. This homogeneity suggests that there were no preferential pathways for the growth of 

the gold deposit in the silica template, which was containing few vacancies and was, most 

importantly, crack-free. At higher magnifications, as shown in the Figure 6.7 b) and c), the 

thickness of the electrodeposited layer can be measured easily and the original wire used as 

support is also clearly visible. For instance in Figure 6.7c), the thickness of the gold deposit is close 

to 19.1 µm. Taking d = 690nm, it can be calculated from equation 2.8 that the gold deposit 

reached the 34th layer of particles within the 50-layers LB template. 
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Figure 6.7 SEM pictures of a porous gold electrode based on a 50µm gold wire. The silica template consisted of 50 layers 
of 690nm-silica particles. a) and b): View of the macroporous wire at different magnifications. c) Cross section image of 
the macroporous film deposit. d) Surface of the macroporous gold wire. 

 

Additional views such as pictured in Figure 6.7d) also provide good information about the 

morphology of the electrode surface where macroscopic pores organized in a reasonably compact 

arrangement –sometimes hexagonal – illustrate the quality of the original silica template. It is also 

obvious that pores of two consecutive layers are well-connected with each other. 

Finally, taking advantage of the periodic current oscillations during the gold deposition, we have 

tested the possibility of controlling precisely the thickness of the porous structure. To do so, the 

electrochemical reaction was stopped as soon as the faradaic current reached values of the 

corresponding local maxima of the characteristic chronoamperometric curves. As illustrated by 

the SEM images of Figure 6.8, showing side views of the porous gold layer, this feature has also 

been verified successfully. 
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Figure 6.8 SEM pictures of porous gold deposits of various thicknesses on microwires after dissolution of the 690nm 

silica particle templates. Images show macroprorous gold films with a) 5, b) 9, c) 15 and d) 29 half-layers.  

 

As pointed out earlier, besides gold, also a range of other materials can be electrodeposited, 

hence we infiltrated the void space of the colloidal template on the microwire electrodes also 

with polypyrrole.  

 

Figure 6.9: Chronoamperometric curve (E= 0,6V) for the polypyrrole deposition into a colloidal template composed of 
10 layers of 1200nm-particles assembled on a 250µm-gold wire. 
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To do so, the same experimental setup as for the gold deposition was used, the electrolyte 

solution and the potential applied during electropolymerization of pyrrole were adopted from 

chapter 3.3.1. Figure 6.9 shows a chronoamperometric curve for the deposition of PPy on a 

250µm gold wire coated with 10 layers of 1200nm silica spheres. Although the current oscillations 

observed during the infiltration of the template with PPy were less regular than shown earlier for 

the potentiostatic gold deposition, they still enabled to follow the progression of the PPy growth 

front in the template and so to control the final thickness of the deposit.             

The characterization of the gold wires coated with macroporous PPy by SEM is shown in Figure 

6.10. Cross-section views of a 50µm-gold fiber are provided in Figure 6.10 a) and b). Despite 

cutting the fiber using a scalpel the PPy film adhered well to the substrate showing a uniform 

thickness all around the gold fiber. Figure 6.10 c) and d) show a surface view of the PPy coated 

microwires at different magnifications. By taking a close look one can see that the voids in PPy are 

interconnected similarly to what was found in the macroporous gold film deposits. 

        

 

Figure 6.10  SEM characterization of macroporous PPy films on gold microwires (diameter: 50µm). a) and b): Cross 
section images of the gold wire with the maroporous PPy film (pore size 420nm) at different magnifications. c) View of 
the macroporous PPy film (pore size 1000nm) deposited on the cylindrical gold wire. d) As c) but with higher 
magnification.    
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As evidenced by the SEM pictures, we managed to synthesize macroporous gold and PPy 

microwires with a highly interconnected pore network. The latter is of special interest considering 

possible applications of these macroporous wires as miniaturized electrode materials in sensors 

and catalytic or energy-related devices. Thus in the following the active surface area of the gold 

microwires hence has been determined using electrochemical methods.   

 

6.3 Electrochemical characterization of macroporous gold cylinders 

 

Similarly to their planar homologues (see chapter 3.2.3), macroporous gold wires are likely to 

possess a much larger active surface area compared to the bare wire substrate. To confirm this 

statement, stripping of gold oxide using cyclic voltammetry has been carried out in an acidic 

medium using the porous structure as working electrode. Figure 6.11a) presents the cyclic 

voltammograms obtained with materials based on a 250µm-wire with porous layers of an 

identical pore size of 690nm but different thicknesses. These stripping curves are typical for a 

pure gold electrode with a gold oxidation between 1 and 1.5V (vs. Ag/AgCl) and a reduction peak, 

centered on around 0.8V, related to the gold oxide reduction. As shown in chapter 3.2.3, the area 

of this peak is directly proportional to the active surface of the macroporous gold electrodes. 

From a qualitative point of view, Figure 6.11a) already shows that the intensity of the oxidation 

and reduction processes increases with the porous layer thickness. 

 

Figure 6.11:   a) CV stripping curves obtained from macroporous gold structures of different thickness (pore size 690nm) 
on 250µm gold wires. A 0.05M H2SO4 aqueous solution together with a scan rate of 100 mV.s

-1
 was employed. b) 

Evolution of the roughness factor as a function of the porous layer thickness for macroporous gold microwires.   

 

As shown in chapter 3.2.3, we can calculate the electroactive surface area of macroporous gold 

samples from the charge associated to the gold oxide reduction peak in the CV, allowing us 

further to quantify the increase of the surface area by calculating the roughness factor for gold 
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microwires with different numbers of porous layers (see Figure 6.11b). Similar as for samples with 

plane geometry we observed a linear increase of the roughness factor with increasing number of 

pore layers on the gold wires. However, for a cylindrical substrate geometry, the experimental 

values are higher than theoretically expected for samples with a planar geometry. Due to the 

increase of the diameter of the wires with increasing number of porous layers, a greater number 

of pores (spheres) is present in successive layers, explaining the deviation of the experimental 

from the theoretical values.  

 

6.4 Catalytic Applications of macroporous gold cylinders 

 

In recent literature work, the ability of nanoporous and/or enzyme-modified gold electrodes to 

catalyse the reaction of species like oxygen370 or glucose217 has attracted much interest for their 

potential application in biofuel cells.371, 372 We have therefore carried out experiments in order to 

estimate the potential usefulness of these macroporous structures as miniaturized 

electrochemical devices. Because the reduction of oxygen is of great importance as it usually 

determines the operating voltage and thereby the efficiency for example of fuel cells, it was 

chosen as a key test to estimate their utility. Figure 6.12a) presents the cyclic voltammograms 

recorded in an oxygen-saturated 0.05M sulfuric acid solution. In the chosen potential window, the 

only electrochemically active species is oxygen which is reduced to H2O2, which is further reduced 

to H2O below -0.4V.  

 

 

Figure 6.12:   CVs obtained with macroporous gold structures of different thickness (pore size 1200nm) on 50µm gold 
wires. The electrodes are exposed to 0.05M H2SO4 aqueous solution saturated with oxygen (scan rate: 5 mV.s

-1
) in order 

to check their electrocatalytic activity. b) Tafel plots obtained with the same electrodes. 
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When the porous gold layer gets thicker, the intensity of the O2 reduction current becomes 

significantly higher, similarly to what has been previously observed for the reduction of hydrogen 

peroxide on macroporous planar electrodes.217 However, an even more interesting feature is the 

evolution of the threshold for the O2 reduction, defined as the potential at which the 

electroreduction of oxygen starts. The thicker the porous layer, the more positive is this 

characteristic potential value. Although we do not have so far a detailed explanation of the 

underlying mechanism of this observation we can conclude that the overpotential for oxygen 

reduction is significantly decreased by around 300mV when using thick porous electrodes instead 

of non-porous ones. From the Tafel representation in Figure 6.12b) we can furthermore deduce 

that the kinetics of the reaction, usually expressed by log i0, is also drastically improved. The 

identical slopes of the three tested electrodes in the positive potential range indicate that the 

reaction mechanism (number of exchanged electrons, transfer coefficient) is not affected by the 

porosity. However the exchange current i0 varies by more than one order of magnitude, which is 

in good agreement with the surface increase obtained from the gold oxide stripping curves. These 

two aspects, improved overpotentials and increased kinetics, are very encouraging with respect 

to exploring this type of electrodes as promising candidates for the oxygen reduction in fuel or 

biofuel cells. In the next section we will show how miniaturized electrochemical cells with 

independently addressable macroporous electrodes can be designed using colloidal crystal 

templating. 

 

6.5 Two electrodes in one device 

 

In miniaturized electrochemical systems the overall dimensions of a device depend on the size of 

the single components. For example, in batteries, a steel case generally is used to prevent 

corrosive or toxic components from leaking, dominating the size and limiting efficient 

miniaturisation of the device.358 Another example are implantable biofuel cells, which may deliver 

the electrical power for small medical devices (e.g. glucose sensors) permanently remaining in the 

body. The subcutaneous interstitial fluid here serves as the electrolyte and thus no case is 

required. But in order to drive the electrochemical reaction still two independent electrodes, 

serving as the anode and the cathode, need to be available. The integration of two independently 

addressable electrodes in a single device would offer great potential for a further miniaturization 

of electrochemical cells, especially in fuel cells or batteries.373 As schematically illustrated in Figure 

6.13, colloidal crystal templating may be used to fabricate miniaturized electrochemical cells 

which are composed of two macroporous electrodes with a high active surface area. As already 
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introduced in chapter 5.2, our strategy is based on the alternating deposition of two different 

metals (gold and nickel) in a colloidal template.  

 

 

Figure 6.13   Scheme showing the different steps involved in the fabrication of an electrochemical cell composed of two 
independent macroporous electrodes A and B. The device is produced by a) alternating electrochemical deposition of 
gold and nickel in a colloidal template, b) followed by dissolution of the intermediate nickel layer c) and dissolution of 
the colloidal template after adding elements stabilizing the structure. 

 

Using electrochemical deposition the void space of a colloidal template can be filled with a nickel 

layer "sandwiched" between two gold films (see Figure 6.13a). Prior to the selective dissolution of 

the nickel layer in acidic medium (nitric or sulfuric acid), an electric contact is established with the 

gold film situated at the top of the multilayer structure, allowing it to be electrically addressed. In 

Figure 6.13b) the intermediate nickel layer has been completely dissolved, resulting in two gold 

films embedded in a colloidal crystal which are separated only by colloidal spheres (and air). Here 

both gold films (Electrode A and B) already can be independently addressed and the required 

mechanical stability is provided by the colloidal template. With respect to a possible application of 

the cell (e.g. immobilization of different enzymes in the electrodes A and B for the use as a biofuel 

cell), macroporous instead of silica-gold composite electrodes would be preferable. This can be 

realized by dissolving the inorganic template in dilute hydrofluoric acid (see Figure 6.13c). 

Integrating isolating elements between the macroporous electrodes (e.g. infiltration of varnish at 

certain points of the sample) should prevent a collapse of the structure. Applying this concept to 

gold microwires hence would allow to build electrochemical cells which combine small overall 

dimensions and high electrode surface areas owing to their macroporous structure.   

We first focused on a flat electrode design in order to validate the concept. Figure 6.14 shows 

three chronoamperometric curves obtained for the consecutive depositions of a gold, a nickel and 

the top gold layer into a colloidal template. The latter was composed of 20 sphere layers 

(diameter 600nm) which have been transferred on a planar gold coated glass slide by LB. As 
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shown in the different curves, we were able to observe current oscillations not only for the first 

gold deposition, but also during the second and third depositions of nickel and gold in the 

colloidal template, respectively. Such a result already indicates that for both, the gold and the 

nickel deposition, the respective growth front proceeds uniformly in a well organized colloidal 

template structure. It also enabled to perfectly control the thickness of each metal stack, allowing 

to choose independently the dimension of the bottom- and the top-layer electrode as well as 

their respective distance in the final cell. In the example shown in Figure 6.14, about five layers 

were infiltrated in the template for each metal stack corresponding to ~3µm thick films (the first 

gold film being slightly thicker). As for the potentiostatic deposition of a single material in the 

colloidal template, the amplitude of the oscillations decreases in the course of the infiltration 

(note the different current scales in the different plots).  

 

 

Figure 6.14:   Chronoamperometric curves obtained for three alternating electrodeposition steps of 1) gold (top, E=-
0.66V) nickel (middle, E=-0.93V) and 3) again gold (bottom, E=-0.66V) in the same colloidal template composed of 20 
layers of 600nm-silica spheres. (A cross section of the template after the electrodeposition steps is shown in Figure 
6.15a).  

  

After electrodeposition, the sample was broken and its cross-section has been characterized using 

SEM. Figure 6.15a) demonstrates that the expected number of layers in the template has been 

filled with gold and nickel films. Similarly as seen in chapter 5.2, nickel is less conductive than gold 

allowing to discriminate both metals in the SEM images. As shown in Figure 6.14b), where the 

colloidal template has been removed by etching, the different metal stacks are extremely well 

defined and their thickness was uniform over the whole sample area covering almost 1cm2. A 
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remarkably flat surface is found for macroporous metal layers at the interface between the 

individual stacks. 

 

Figure 6.15:  Cross-section SEM images of a) the colloidal template (20 layers, sphere size 600nm) filled with alternating 
deposits of gold, nickel and again gold. b) the same electrode as shown in a) after the removal of the silica template 
resulting in a macroporous hybrid material. 

  

In the next step the intermediate nickel layer was dissolved in acidic solution. Therefore the 

sample shown in Figure 6.15b) was exposed to sulfuric acid solution (24%) and the progressive 

dissolution of the nickel layer was documented by SEM images that were taken after different 

immersion times in the acidic solution (see Figure 6.16). By comparing Figure 6.16a) and b), the 

nickel layer is found partly dissolved after 30 minutes in the solution. After seven hours (not 

shown here) nickel still was present but its porous structure had completely vanished. After a 

period of 19 hours in the etching solution, the nickel layer had been entirely dissolved so that a 

structure composed of two macroporous gold films separated by an air gap is obtained. In order 

to stabilize the structure, a thin line at the sides of the sample (all except the cross section) had 

been infiltrated with varnish before nickel dissolution. Despite this, the structure had collapsed in 

certain areas, which caused a short-circuit between both gold films, preventing it from being used 

as an electrochemical cell. 

 

Figure 6.16:   Time dependent dissolution of the intermediate nickel layer of the macroporous Au-Ni-Au electrode 
visualized by cross-section SEM images taken after different immersion periods in sulfuric acid solution (24%). a) before 
immersion. b) after 30 min in the etching solution. c) After 19 hours the nickel has been completely dissolved.     
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To circumvent this problem the colloidal template was left in the sample during the nickel 

dissolution allowing to further stabilize the structure (see Figure 6.13b). Figure 6.17a) shows the 

cross section of a sample with a (Au-Ni-Au) multilayer structure deposited in a colloidal template. 

In this case, we took advantage of the current oscillations to produce macroporous gold films with 

different thickness (3/2 for the bottom and 5 layers for the top gold film), which serve as top and 

bottom electrode in the final device. An electrical contact was established to the top gold film 

before dissolving the nickel layer by exposing the sample to acidic solution. As shown in Figure 

6.17b) - d) the nickel had been completely dissolved and it was found that the two gold film 

electrodes were well separated over the whole length of the sample cross section (see Figure 

6.17d). In some areas the colloidal template was still existent (Figure 6.17b) whereas in others, it 

had been eliminated by the solution (Figure 6.17c and d).        

 

Figure 6.17:   SEM cross-section views of a) a colloidal template (25 layers, sphere size 740nm) after infiltration with 1) 
gold (3/2 layers), 2) nickel (6 layers) and 3) gold (5 layers). b)-d) the same electrode as shown in a) after dissolution of 
the nickel   intermediate layer in nitric acid solution (13%).  

 

In order to confirm the lack of any short-circuit between the two macroporous film electrodes 

their active surface area had been determined using the CV stripping signal of gold. In the case of 

a short-circuited sample, the surface area detected by the CVs should be the same for the bottom 
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(electrode A) and the top electrode (electrode B). As shown in Figure 6.18, electrode B showed 

higher oxidation and reduction peaks than electrode A, indicating that the active surface area of 

the top electrode is significantly higher than that of the bottom electrode and that no electrical 

connection exists between both electrodes. In a control experiment we connected both 

electrodes A and B to the working electrode and measured the CV signal. In this case we observed 

the highest peak intensities. By calculating the active surface area from the charge associated to 

the gold oxide reduction peak (see chapters 3.2.3 and 6.3) we found values of 2.0 , 6.2 and 8.82 

cm2 for electrode A, electrode B and both electrodes connected together, respectively. Addition 

of the surface areas calculated for electrode A and B equals approximately the value measured for 

both electrodes. Keeping in mind that the inaccuracy of the surface determination by the 

reduction of an oxide monolayer is in the range of  10%,245 the determined values demonstrate 

that both electrodes A and B are not interconnected and thus are independently addressable. 

Additionally, the experimentally determined roughness factors of 6.0 and 18.8 for electrode A and 

B correspond well to the theoretically expected values of 5.4 and 18.1 for electrodes with 3/2 and 

5 porous layers, respectively.       

 

Figure 6.18:   CV stripping curves of macroporous gold electrodes (see Figure 6.17 b - d) deposited on a single support 
and separated by silica particles and/or air. Electrode A corresponds to the lower electrode (3/2 layer macroporous gold 
film) and electrode B to the upper one (5 layers macroporous gold). The geometrical surface area of the sample was 
0.33cm

2
.  

   

In order to show that our concept is also applicable to samples with cylindrical geometry we 

electrodeposited a similar multilayer structure of gold/nickel/gold into the colloidal templates on 

gold microwires. Figure 6.19 a) and b) show a 250µm gold wire after the electrodeposition of the 
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alternating metal layers and subsequent dissolution of the colloidal template. Each macroporous 

metal stack extended to about 4 pore layers and the thickness of the individual stacks was found 

homogeneous over the whole cross section of the sample. A gold/nickel/gold film deposited on 

another 250µm wire is shown in Figure 6.19 c) and d) obtained from a colloidal template 

composed of 20 layers of 1200nm spheres. In both figures, either before or after dissolution of 

the colloidal template, the gold and nickel films can be clearly discriminated and show a 

homogeneous thickness. By dissolving the intermediate nickel layer it should be possible to 

address independently either the top or the bottom gold electrode in these macroprous 

microwire electrodes. A challenge still consists in stabilizing the two macroporous gold electrodes 

in such a way that the distance between both electrodes stays constant during the removal of the 

colloidal template in order to prevent a short-circuit between the electrodes. 

 

Figure 6.19: a) and b): Cross-section images of a 250µm-gold wire with a macroporous gold, nickel, gold film deposit 
(pore size 690nm). c) Alternating Au-Ni-Au deposition in a colloidal template (20 sphere layers, sphere size 1200nm) on 
a 250µm-gold wire. d) The same sample as in c) but after removal of the silica template.  

 

Finally, by changing the sequence of the electrodeposited metal films it is also possible to produce 

freestanding inverse opal films of different metals. Here we first deposited a layer of nickel 

followed by gold into the void space of a colloidal template. The previously mentioned current 
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oscillations allowed us to control the thickness of both films in the template during potentiostatic 

deposition. An example of such a structure shows Figure 6.20d). Roughly ten layers here have 

been filled in the template with nickel followed by a five-layer gold film. As previously shown, the 

nickel layer can be dissolved so that the top layer gold film will get detached from the sample. 

Depending whether the colloidal template is removed or not before the nickel dissolution, inverse 

gold opals or silica opals filled with gold (see Figure 6.20c and e) can be obtained as freestanding 

films, respectively. Before immersion in acidic solution the sample shown in Figure 6.20d) has 

been fixed at the sides of the substrate by using varnish. In this way the film stays attached to the 

substrate even when the nickel layer has been completely dissolved. The sample then was 

exposed to acetone to dissolve the varnish and release the composite structure from the gold 

substrate (see Figure 6.20a). The freestanding film could now be transferred onto a desired 

substrate (see Figure 6.20b and c). In Figure 6.20e) a SEM image of the freestanding macroporous 

gold film is shown after its transfer onto a glass substrate.   

 

 

Figure 6.20:   Producing freestanding macroporous gold films. a) - c): After nickel dissolution the macroporous gold film 
gets detached from the substrate by dissolving the varnish at the edges of the sample in acetone and can be transferred 
to other substrates (here glass slide) d) SEM cross section view of a colloidal template (17layers, 330nm) after 
infiltration of nickel and gold into the structure. e) SEM image of the freestanding macroporous gold film obtained by 
dissolving the nickel layer in the sample shown in d). 
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7 Mesoporous microelectrodes on multielectrode arrays (MEAs) 

for low noise neuronal recording 

 

7.1 Introduction to multi electrode arrays (MEAs) 

 

7.1.1 Applications and trends in MEAs 

 

Almost 40 years ago the first microelectrode array (MEA) was designed to record electrical signals 

from cultured cells.374, 375 Since this time a lot of progress has been achieved in the domain, 

especially during the last 15 years due to the commercial availability of MEA systems and 

affordable computing power.376, 377 A variety of different MEA layouts were fabricated using 

lithographic techniques, reflecting a wide spectrum of in vitro or in vivo applications.378-380 MEAs 

are used for various purposes including pharmacological studies in dissociated neuronal networks, 

different stimulation implants (cochlear, retina, cortical, spinal) and fundamental research aiming 

at better understanding the functioning of neuronal networks. Compared to neurobiological 

measurements performed with single electrodes (e.g. tungsten or glass capillary electrodes) MEAs 

offer the advantage that information from electrogenic cells can simultaneously be analyzed in 

different regions of the same tissue over long periods of time.381 The acquired data can be used to 

map the spatio-temporal dynamics of the activity in neuronal networks in order to study 

interactions between the different cell populations. 382 Further evolution of MEA measurement 

technology requires maximization of available information density. A recent trend in MEA 

research consists in working with microelectrodes of reduced size. In this way recording and 

stimulation can be confined to small populations up to single neurons preventing the interference 

with neighboring cells. Hence the number of electrode sites on one array can be increased leading 

to high density microelectrode or microtransistor arrays with very high spatial resolution. 383-386 

However decreasing the geometric area of the microelectrodes results in an increase of electrode 

impedance and consequently higher electronic noise during recording of neuronal signals. Equally 

the charge that can be safely injected through an electrode in order to stimulate the surrounding 

tissue is reduced. 387 Those factors present serious drawbacks for using microelectrodes of small 

surface area on MEAs and current work should now focus on strategies to overcome these 

limitations. Generally this can be achieved by increasing the effective surface area of an electrode 

while maintaining its small overall geometry. This presents a widely used approach to improve the 
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performance of electrodes in application fields including analytical chemistry or energy 

conversion systems. Different techniques exist that allow increasing the active surface area of 

electrodes by creating porous, nanostructured surface morphologies. Among these approaches 

some have been applied to MEAs in order to enhance their performance at the interface with the 

solution containing cultured cells. The objective of this contribution consists in presenting 

different nanofabrication techniques that have been successfully adapted to MEAs and to point 

out their utility for improved neuronal recording and stimulation processes. 

 

7.1.2 Interfacial behaviour of microelectrodes in neural recording or stimulation 

 

In order to understand which parameters are of a special interest in neurobiological recording and 

stimulation with MEAs, a brief description of both processes is given here with a special emphasis 

on the processes occuring at the interface between the electrode and the solution. When an 

electrogenic tissue is immersed in physiological solution in close proximity to the electrodes of 

MEAs, extracellular signals that may originate from different cells can simultaneously be recorded 

at the electrode. Electrical activity of the cells causes a current to flow around its signal source in 

the extracellular medium. This current corresponds to a voltage gradient present in the 

extracellular fluid which is a function of the number, spatial distribution and orientation of active 

cells. The voltage finally is recorded at the microelectrode site as a function of time with respect 

to a reference electrode that is immersed into the physiological solution. The electric signal is 

then further amplified and filtered before signal post-processing steps can be performed with 

specially adapted software. Although several parameters in this acquisition chain may be 

important, a crucial factor directly affecting the quality of recorded signals is the interface 

between the electrode and the extracellular fluid. A small area in contact with the solution results 

in high electrode interfacial impedance and consequently a high thermal noise which can be 

expressed by equation 7.1.388-390 

 

                       (7.1) 

 

Here, Nth corresponds to the rms value of the thermal noise [V], KB is the Boltzmann constant, T is 

the temperature *K+, Re(Z) is the real part of the microelectrode interfacial impedance *Ω+ and f is 

the frequency [Hz]. Low sensitivity in the recording process due to high noise therefore especially 

presents a problem for small microelectrodes on MEAs. A significant decrease in impedance has 
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to be obtained in order to reach signal-to-noise ratios (SNRs) that allow detection of neuronal 

signals. The stimulation process of electrogenic tissues relies on an inversion of the above 

mentioned events. Now current pulses that are applied to the electrode induce a change of the 

distribution of ionic species in solution so that a potential gradient is established throughout the 

electrolyte, which may eventually activate cells. An injection of current into an electrode generally 

may result in different forms of charge transfer, a capacitive and eventually also a faradaic charge 

transfer. As long as the current amplitude and hence the potential at the electrode does not 

exceed a certain value only redistribution of charge carriers happens, resulting in charging of the 

double layer at the interface between electrode and electrolyte. Inversing the polarity of the 

applied current leads also to a reversal of the charge distribution at the interface. This capacitive 

charge transfer is reversible and no electron transfer occurs between the electrode and the 

solution, which is a characteristic found in electrical capacitors. In contrast, a faradaic charge 

transfer involves electron transfer from the electrode to the electrolyte and vice versa due to 

reduction or oxidation reactions occuring at the electrode surface. Faradaic reactions can occur 

when the current values injected into an electrode are sufficiently high to generate an 

overpotential that is needed for certain redox reactions to take place. Principal faradaic reactions 

at metal surfaces in aqueous solutions include the reversible formation and reduction of oxide 

layers, but also oxidation or reduction of water as well as corrosion reactions. 391 Therefore 

currents injected into a microelectrode should not exceed a certain limit in order to avoid 

irreversible faradaic reactions at the electrode surface. Besides damaging of the electrode by 

corrosion, these reactions may be responsible for cell death due to accumulation of reaction 

products in solution, creating a toxic environment for cells. The maximum charge that can be 

injected "safely" through a microelectrode depends on several factors including the material used 

for the electrode, the electrolyte, stimulation parameters as well as the size and shape of the 

electrode. 392 Obviously microelectrodes of small overall dimensions may safely inject less charge 

than macroelectrodes. Thus sufficient charge injection into the electrode often presents the 

limiting factor for efficient stimulation of the surrounding tissue with MEAs. Increasing the 

effective surface area of microelectrodes therefore not only leads to a decrease of impedance and 

thermal noise of the electrode, but also allows to inject higher charges, necessary for an efficient 

and reliable stimulation process of electrogenic tissue. Besides the tissue damage that is caused 

by electrochemical reactions at the electrode also a second mechanism referred to as the mass 

action theory has been described. Here, the tissue is overstimulated due to many neurons firing 

simultaneously or over prolonged times which causes the local environment, e.g. ionic, oxygen or 

glucose concentrations to change. 392 The domain of safe stimulation will depend on the injected 
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charge density and the charge injected per phase for different types of tissue. 393, 394 In deep brain 

stimulations the limit for safe stimulation conditions was found to be 30µC/cm2 for an injected 

charge of 2µC per phase. 395 

 

7.1.3 Electrode materials in MEAs 

 

A short overview on electrode materials suitable for the use in MEAs is given in this chapter. Well 

documented reviews on stimulation of electrogenic tissue and the electrode materials employed 

for this purpose are available in the literature. 387, 392, 396 Principally some basic criteria have to be 

met for an electrode material in MEAs. First of all the proximity of living tissue to the electrode 

material absolutely demands biocompatibility to avoid a necrotic cell response as observed for 

example for cells that were cultured on silver. Ideally, a cell attachment to the material allows a 

stable junction to be formed between electrode and tissue, a factor which is of importance 

especially in long term in vitro and in vivo measurements. Electrode materials further should offer 

sufficient mechanical strength combined with stable electrical properties guaranteeing reliable 

long term performance of the MEA. High charge injection capacity per surface area is a key 

parameter for electrode materials used for efficient stimulation of electrogenic tissue. A way of 

achieving safe stimulation conditions presents the use of capacitor electrodes. 397, 398 Here the 

underlying metal electrode is separated from the electrolyte by a dielectric material (TiN, Ta2O5) 

allowing charge to be injected into the tissue strictly by capacitive action. 392, 399-403 This prevents 

potentially destructive faradaic reactions at the electrode surface. The maximum charge however 

that can be injected into a smooth electrode just by capacitive coupling is about 20-30µC/cm2. 401 

Considering a typical stimulation protocol of 50µA for 200µs pulses per phase, 404 a capacitor 

electrode reaches this maximal injectable charge density for a diameter exceeding 220µm, which 

is much too big to enable stimulation in a very confined area. To be able to inject higher currents, 

materials showing reversible faradaic reactions occurring within the potential window of water 

decomposition are required. Among metallic conductors the noble metals gold, platinum and 

iridium usually are employed as electrode materials in MEAs due to their high electrical 

conductivity and corrosion resistance. Gold is often selected due to the relative ease in fabrication 

and hence serves in many studies as a reference material. However gold microelectrodes adsorb 

many substances on their surface making them very unstable over time. 400 Platinum offers more 

stable noise and additional storage of charge due to a reversible ad- and desorption of hydrogen 

atoms at and from the electrode surface. This pseudocapacity together with double layer charging 

and a reversible oxide formation and reduction at the surface allows the injection of charge 
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densities into platinum electrodes that range from 50 to 350µC/cm2 depending on the stimulation 

protocol. 392, 396, 405 A material that can store extremely high amounts of charge is iridium oxide. In 

IrOx reversible valency changes between different oxidation states are the reason for this high 

charge storage capacity. The redox centers in the electroactive material are represented by 

iridium ions with the main redox process involving a reversible switching between the Ir3+ and Ir4+ 

oxidation states. 406 Charge injection limits were reported in a range of 1 to 3.5mC/cm2 for iridium 

oxide, which is about one order of magnitude higher than the values observed for platinum. 407 

Figure 7.1 points out the amount of charge that can be stored in the different materials including 

TiN, platinum and iridium oxide.  

   

 

Figure 7.1: Cyclic voltammograms of platinum, TiN and iridium oxide, produced by sputtering (SIROF), at a sweep rate of 
20mV/s. Points 1 and 2 indicate platinum oxidation and reduction of platinum oxide,  3 and 4 hydrogen adsorption and 
desorption on Pt, respectively. Cathodic charge storage capacities (CSCs) are 0.25mC/cm

2
 for TiN, 0.55mC/cm

2
 for Pt 

and 2.8 mC/cm
2
 for SIROFs. 

387
 

 

Emerging materials in the field of neuronal recording and stimulation are conducting polymers. 

Among them especially polypyrrole (PPy) and poly(3,4-ethylenedioxythiophene) (PEDOT) were 

used in MEAs. Compared to metals they present a relatively soft material when coated onto the 

electrode surface offering a biocompatible platform which promotes the cell attachment onto the 

electrode. 259 During synthesis of conducting polymers using electropolymerization, anionic 

counterions are incorporated into the material establishing charge neutrality in the polymer. 

Charge injection into conducting polymers may change their oxidation state accompanied by 

counterions leaving or entering the material. This can represent a limiting step for a fast and 

efficient charge injection into conducting polymers. 408 Nevertheless charges of 3.6 mC/cm2 were 

injected through PEDOT microelectrodes and the stimulation efficiency was proven to be superior 
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compared to ITO electrodes for a period of 2 months. 409 Electrodeposited films of conducting 

polymers also were reported to reduce electrode impedance. 410-413 An improvement of the long 

term chemical and mechanical stability of conducting polymers, which was found superior in the 

case of PEDOT compared to PPy 414, presents the main challenge for a broader application in 

MEAs.  

 

7.1.4 Porous and nanostructured MEAs 

 

There are several reasons for using microelectrodes with a nanostructured surface film in MEAs. 

415 The engineering of materials at the nanoscale can offer new solutions for challenges such as 

controlled drug release. 416, 417 Topographical patterning of nanostructured materials on electrode 

surfaces enables guiding cells and controlling their attachment and growth on the electrode. 418 

The principal motivation however that is addressed in this work for using nanofabrication 

methods consists in improving the performance of MEAs with respect to neuronal recording and 

stimulation. Especially smooth microelectrodes of small geometric dimensions suffer from high 

electrode impedance, leading to high levels of thermal noise in extracellular recording and limited 

charge injection for efficient stimulation of tissue. Therefore a lot of different nanofabrication 

techniques have successfully been applied to MEAs during the last decade aiming to lower the 

interfacial impedance between the electrode and the electrolyte by an artificial increase of the 

active electrode area. The type of method to be employed in order to modify the surface of a 

microelectrode has to be compatible with microelectrode arrays that are typically fabricated in a 

photolithographic process. Surface structures can readily be generated by using either top down 

or bottom-up processes, involving the addition of material to the electrode. Early studies dealing 

with porous silicon produced in an anodic etching process however did not change the electrical 

properties of the MEAs, so that this route has not been further followed. 419, 420  

 

7.1.4.1 Platinum black electrodes 

 

In thin film deposition the morphology of a deposit can be varied by changing the process 

parameters resulting either in smooth, compact or rough and porous films. For example in 

electrochemical deposition the electrolyte composition and the potential applied to the working 

electrode are important parameters that affect the growth and hence the structure and 

appearance of deposited films. Platinum films with a rough surface structure referred to as 
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platinum black 421 were frequently deposited on electrodes of MEAs helping to lower the 

electrode impedance by up to two orders of magnitude. 422-425 Although platinum black films 

strongly increase the active surface area of an electrode due to their amorphous structure, their 

application in MEAs is not straight forward due to a lack of mechanical stability. An improvement 

of the durability of these coatings could be achieved by performing platinum electrodeposition 

with simultaneous ultrasonic treatment. 426 The harsh conditions during electrodeposition were 

meant to immediately remove loosely bound material by preserving the rough nature of the film 

deposit. An enhanced stability was confirmed in a study performed with microwire multi-

electrode arrays obtained by this ultrasound assisted approach. 427 Using artificially roughened 

substrates for a subsequent film deposition also represents a way to increase the active surface 

area of an electrode and can lead to improved stability and adherence of electrodeposited 

polymer films on the electrode surface. 411, 428  

 

7.1.4.2  Iridium oxide electrodes   

 

Iridium oxide presents a commonly used electrode material in MEAs due to the high intrinsic 

charge injection capacities. It can either be formed from metallic iridium using an electrochemical 

activation process (AIROFs) 429-431, directly be deposited using reactive sputtering of iridium in the 

presence of an oxidizing plasma (SIROFs) 406, 432-435 or using electrochemical deposition (EIROFs). 

436-439 The microstructures obtained with iridium oxide films will depend on the synthesis 

technique and the process parameters. In AIROFs considerable amounts of water are 

incorporated into the structure during prolonged potential cycling, which explains the lower 

density found for AIROFs (2 g/cm3) in contrast to bulk crystalline iridium oxide (11.68g/cm3). 406, 440 

A highly porous structure with good electrolyte permeability is on one side attractive for reaching 

high charge storage capacities, but was reported to lead to flaking and delamination of AIROFs 

from the substrate in long term use. Deposition of iridium oxide by sputtering leads to more 

compact films (7 g/cm3) with a better mechanical stability.406 The influence of various process 

parameters including the oxygen flow rate 406, 441, the sputtering pressure 434, substrate 

temperature 432 and pulsed dc sputtering 435 on the composition and microstructure of SIROFs has 

been recently examined. It was found that the amount of oxygen present during sputtering had a 

fundamental influence on the microstructure and the electrical properties of SIROFs. Too high 

oxygen concentrations resulted in lower mechanical stability and decreased charge storage 

capacities, although the roughness of the films was shown to increase. This finding was attributed 

to varying material compositions with increasing oxygen content, causing among others a lower 
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electrical conductivity. Optimization of the process parameters allowed the fabrication of SIROFs 

reaching charge injection limits that were comparable or even superior to those observed in 

AIROFs during in vitro measurements. 442, 443 So far only few studies focused on electrodeposited 

iridium oxide films (EIROFs) for neurobiological applications, even if the stability and charge 

injection values seem comparable to SIROFs. 439 Electrochemical deposition presents a technique 

that is easily integrated in microfabrication processes and additionally allows nanostructuration of 

electrode surfaces which cannot be obtained when PVD techniques are used. Macroporous 

iridium oxide produced in template assisted electro- 237 or atomic layer deposition was reported 

to have increased charge storage capacities over non porous iridium oxide. 444 A coating of highly 

porous iridium oxide films on neural electrodes could present a way to further improve the 

performance of this material for the application in MEAs.  

 

7.1.4.3 Carbon nanotube modified electrodes   

 

The high surface to volume ratio makes carbon nanotubes (CNTs) interesting candidates in both 

recording applications with a low noise level and efficient stimulation of cultured tissues. Despite 

the benefits of being able to create patterned surface structures and to vary the surface chemistry 

of CNTs, their biocompatibility still presents a controversial issue in current research. 445 One 

possibility to obtain CNT modified substrates is the evaporation of the solvent from a CNT 

containing solution that has been spread onto a surface. In this manner CNTs were deposited on 

glass slides in order to examine the neuronal activity using a patch clamp setup. A higher 

frequency response together with increased intensities was found in spontaneous postsynaptic 

currents of neurons placed on CNTs compared to the bare glass slides. 446, 447 However, for MEAs 

different immobilization techniques have to be employed, guaranteeing a long lasting stable 

deposit of CNTs on the electrode (see Figure 7.2a). This can be achieved by direct growth of CNT 

films from a thin catalyst layer (e.g. Ni) coated onto the electrode using a chemical vapor 

deposition (CVD) method. Depending on the growth conditions either randomly deposited 448-450 

or vertically aligned carbon nanotube (VACNTs) 451-454 networks are obtained (see Figure 7.2c). 
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Figure 7.2: a) Illustration of different routes to obtain carbon nanotube modified electrodes and composite materials 
with CNTs. b) CNT/Au composite structure fabricated due to electrochemical reduction of gold ions in aqueous solution 
containing CNTs. 

455
  c) Vertically aligned CNTs grown by CVD on a microelectrode of 50µm diameter. 

452
   

 

Microelectrodes modified with CNTs showed higher capacitance and lower impedance values 

compared to smooth metal electrodes. 450 Stimulation performed on hippocampal sliced cultures 

on CNT modified MEAs revealed charge injection limits of 1 - 1.6 mC/cm2 which are superior to 

platinum and slightly smaller than those for iridium oxide. 452 From the same type of tissue 

spontaneous neuronal activity was recorded using 10µm long carbon nanofiber (CNF) electrodes 

with an average diameter of 4µm. 454 Surface wettability generally is an important parameter in 

porous films because it determines the degree penetration of a liquid into the porous structure. 

Surface wettability was proven to be considerably increased when carbon nanotube films were 

exposed to an oxygen plasma. 456 Consequently oxygen reactive ion etching (RIE) was also applied 

to MEAs covered with CNTs so that the interfacial impedance between the electrode and the 

solution could be further decreased. 448, 449, 457 Although carbon nanofibers are well separated 

from one another directly after their synthesis, they tend to stick together building bundles of 

nanofibers once they have been immersed in a liquid and dried afterwards. 451, 453 Deposition of a 

conducting polymer onto the nanofibers stabilizes them and helps to maintain their original 

structure for future use. It also has been shown that composites of CNTs and polypyrrole (PPy) 

exhibit higher capacitance and lower impedance values than the bare polymer. 458 It seems likely 

that similar results could be obtained performing electrochemical codeposition of CNTs and 

conducting polymers out of a single solution. 459 This technique has been applied to modify MEAs 

offering the convenience of avoiding high temperature ranges between 400°C and 900°C, needed 

in CVD, that can limit the choice of materials in the MEA fabrication process. 455, 460, 461 By 

optimization of the electrodeposition parameters, a highly porous composite of single-walled 



7 - Mesoporous microelectrodes on multielectrode arrays for low noise neuronal recording  

 

144 
 

carbon nanotubes (SWCNT) coated with polypyrrole could be obtained that offers charge 

injection limits of 7.5mC/cm2 for anodic pulses. 460 Increased electrical conductivity and lower 

impedance was found for composites when CNTs first were immobilized at the surface followed 

by the electropolymerization step. 461, 462 A codeposition of CNTs and gold on MEAs (see Figure 

7.2b) and wire electrodes showed good performances for the recording from cultured neurons 

and in the rat motor cortex. Using this approach it was possible to record local field potentials, 

multiunit activity and neuronal spikes with one single electrode. 455 Furthermore also a layer-by-

layer attachment of CNTs with polyelectrolytes recently led to neural electrodes showing 

promising results in comparison to PEDOT or iridium oxide. 463 In works focusing on CNT modified 

electrodes very few data is provided dealing with long term stability of the devices in vivo or in 

vitro. The lack of in vivo measurements may be attributed to the unclear biocompatibility issue of 

CNTs. 445 Lu et al. reported lower astrocyte and a higher neuronal density around PPy/SWCNT 

composite electrodes in contrast to Pt controls after a 6 week implantation period in a rat brain 

tissue. The stability of the impedance and the recording performance over prolonged times in 

vitro represent important parameters that should be studied in future works on CNT coated 

electrodes.     

 

7.1.4.4 Conducting polymer coated electrodes 

 

With coatings of conducting polymers different targets may be addressed in the field of neural 

electrodes which include the improvement of the recording performance, the promotion of cell 

growth at the electrode surface and the minimization of the immune responses of the tissue. The 

rough nature of electrodeposited PPy or PEDOT films which resemble cauliflower structures 

together with inherently more or less pronounced porosity enabled to decrease the electrode 

impedance by more than one order of magnitude in contrast to bare metal electrodes. 410, 412 This 

value can further be decreased by nanostructuring the polymer film. Abidian et al. reported 

impedance values of 2.5   1.4 k for electrodeposited PEDOT nanotubes (see Figure 7.3e), 

corresponding to a decrease of two orders of magnitude compared to bare iridium oxide 

electrodes (468.8   13.3 k). In the same way the charge injection capacity was increased by 

three orders of magnitude reaching a value of 392   6.2 mC/cm2. 464 To achieve efficient 

recording or stimulation of extracellular neuronal activity, the tissue should ideally be in close 

contact or attached to the electrode surface. In this regard, the neurite outgrowth length of PC12 

cells was reported superior on polypyrrole than on a passive substrate. 465 Electrical stimulation 

further increased the neurite growth length on polypyrrole in the first 24 hours, which was 
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attributed to the adsorption of serum proteins, specifically fibronectin onto the film. 466 By 

entrapping various bioactive molecules during the synthesis of conducting polymer films the cell-

tissue interaction could be further intensified. Preferential neurite growth was observed on 

polymer films containing different peptides 413, 467, 468 and nerve growth factor. 469 Another 

strategy to assure intimate contact between the tissue and the electrode is electropolymerization 

of conducting polymer film around the cultured living cells. 470, 471 In this way the cells could be 

enclosed in a PEDOT film at the surface of the electrode. However, the cells lasted viable for only 

less than one week in this study which was attributed to the polymer film restricting the nutrient 

transport towards encapsulated cells. A general issue encountered in long-term implants 

represents fibrous encapsulation of the electrode resulting from the immune response to the 

foreign body implant. In a recent study PEDOT coated microelectrodes of small geometry (15µm 

diameter) were meant to reduce the inherent immune response of the tissue and enabled 

recording of neuronal activity, which was not possible with the control gold electrodes. 472. 

Another strategy to limit the immune response could be to encapsulate anti-inflammatory drugs 

into conducting polymer films in order to release them locally at the electrode level. An example 

represents the incorporation of Dexamethasone (DEX) into PPy and PEDOT films that could be 

released in a controlled manner by cycling the polymers between the oxidized and the reduced 

state, leading to movement of ions (involving DEX) into or out of the polymer. 417, 473 Indeed, in 

vitro studies on murine glial cells showed that the release of DEX from the PPy electrodes reduces 

the count of reactive astrocytes proportionally to the amount of the added drug. 473 To date the 

initial low impedance value that was observed directly after surgery in chronic implants realized 

with polymer coated microelectrodes could not be maintained over longer periods exceeding a 

few days. 472, 474, 475 Nevertheless PEDOT nanotube modified microelectrodes (see Fig. 3e) allowed 

stable chronic recording of neural signals over a period of 7 weeks at an electrode impedance 

around 500 k for a size of 1250 µm2. High quality unit activity (signal to noise ratio SNR > 4) was 

detected on 30% more sites than controls. 475  

 

7.1.4.5 Hydrogel-coated electrodes 

 

Hydrogels are important materials for biomedical applications due to their ability to incorporate 

high amounts of water and their soft nature makes them good candidates to be used at the 

interface of electrode and tissue. 476 It was proposed to use hydrogels as scaffolds for the 

deposition of conducting polymers resulting in porous polymer films with high electrolyte 

permeability. 477 Either hydrogels and conducting polymers were copolymerized 478 on MEAs or a 
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coating of the electrode with a hydrogel served as a scaffold in the subsequent electrodeposition. 

479 Very low electrode impedance was reported using this approach, but care had to be taken not 

to dehydrate the hydrogel which would have led to bad electrical properties. Using hydrogels, a 

more sophisticated approach to control drug release in combination with a low-impedance 

electrode interface has been proposed by Abidian et al. 480 The basic fabrication process is shown 

in Figure 7.3a) and includes electrospinning of drug-incorporated biodegradable nanofibers onto 

the electrode sites (B), encapsulation of these nanofibers in an alginate hydrogel layer (C) 

followed by the electrodeposition of PEDOT around the nanofibers to form conducting polymer 

nanotubes (D).  

 

 

Figure 7.3:   Multifunctional nanobiomaterial based on PEDOT nanotubes with DEX encapsulated in a hydrogel a) Basic 
fabrication steps B: Electrospinning of nanofibers C: Encapsulation in hydrogel D: Electropolymerization of PEDOT 
perpendicular to the electrode surface generating the PEDOT nanotubes. SEM images of b) the obtained polymer 
nanofibers containing DEX. c) Nanofibers coated with hydrogel (False colored) d) Cross section of the electrode after 
electropolymerization of PEDOT into the hydrogel. e) PEDOT nanotubes. 

480
    

 

The very low impedance of 2.5 k attained by this hybrid electrode material is due to a 

combination of two effects that effectively increase the active surface area of the electrode. As 

shown in Figure 7.3d) PEDOT grows vertically from the electrode site into the hydrogel scaffold 

leading to "cloudy" PEDOT. Together with the high surface area provided by the PEDOT nanotubes 

(see Figure 7.3e), this leads to a very low electrode impedance. Due to hydrolytic degradation, the 

nanofibers release the encapsulated DEX molecules. The drug has to migrate through the layer of 

hydrogel before reaching the tissue, which makes it be delivered more slowly than without 

hydrogel encapsulation. In recent studies however it has been shown that composites formed 

from hydrogels and PEDOT implanted in the auditory cortex of guinea pigs displayed a lower 
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signal to noise ratio and less detectable signals compared to bare gold electrodes. 481 This loss in 

recording functionality was ascribed to the increased distance between neurons and electrode 

sites due to the hydrogel thickness. 

 

7.1.4.6 Templated macroporous electrodes 

 

Microelectrodes on MEAs have also been coated with macroporous overlayers of gold482 and 

conducting polymers483, 484 in order to increase the electrode surface area and enhance the 

performance of the MEA in recording and stimulation. These macroporous films obtained by 

electrodeposition in colloidal templates offer good control over the surface enhancement 

combined with highly interconnected pores resulting from a close packed sphere arrangement. 242 

Recent work  in our group showed that the thermal noise in MEAs could be reduced for 

macroporous microelectrodes (see Figure 7.4b) due to a higher contact area with the surrounding 

solution. The surface enhancement of macroporous compared to the flat gold microelectrodes 

was evaluated using cyclic voltammetry. Figure 7.4a) shows the charge associated to the gold 

oxide reduction for the different microelectrodes on a multi electrode array, before and after a 

macroporous overlayer had been deposited onto the surface. For the majority of the 

microlectrodes on the array the electrode surface was found to be increased by a factor of 5 to 6. 

         

 

Figure 7.4: a) Charge associated with the gold oxide reduction peak obtained from CVs for macroporous 
microelectrodes (after modification) compared to smooth gold microelectrodes (before modification) on a MEA chip. b) 
Illustration of the reduction in noise level of a macroporous (right) compared to a smooth (left) gold microelectrode on 
a MEA. The microelectrode diameter was 30µm and the pore size 500nm.

482
  

Although the primary goal of providing an electrode material with a defined porosity consists in 

increasing its active surface area, new functionalities in the field of neural engineering may also 

be achieved. The release profiles of nerve growth factor incorporated in macroporous PPy 

surfaces were considerably increased owing to the open pore structure, especially when electric 

stimuli were applied to macroporous conducting polymer films. 264 The performance in porous 
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MEAs may be further enhanced by increasing the pore density and hence the electroactive area in 

the deposited films. In colloidal templating one may simply use smaller spheres to reduce the 

pore size and increase the pore density in a given volume. However, the self-assembly of spheres 

smaller than a certain diameter (about 100nm) is more complicated.  

A different approach to produce pores of smaller dimensions on an electrode surface involves the 

use of lyotropic liquid crystals as templates. Ordered mesoporous films can be formed when 

deposition of a material takes place around surfactant molecules arranged into a crystalline 

template structure. We used this strategy to further increase the active surface area by depositing 

soft-templated meso- instead of hard-templated macroporous films on the surface of the 

microelectrodes in MEAs. The principles of mesoporous film formation by lyotropic liquid crystal 

templating will be adressed in the following chapter.     

 

7.2 Mesoporous films by lyotropic liquid crystal templating 

 

Existing states of matter include solid, liquid and gaseous at ambiant temperature and pressure. 

In crystalline solids long range order is present established by strong ionic, metallic or covalent 

bonds. Due to weak intermolecular bonds molecules are still mobile in liquids and only a short 

range order is present. Liquid crystals (LCs) combine the properties of both, solids and liquids, 

with flow properties of ordinary liquids and the anisotropic physical parameters of crystals. LCs 

are thermodynamically stable and their phases are also called mesophase. Liquid crystals are 

divided into thermotropic and lyotropic LCs, depending on the origin of intermolecular 

interactions inducing ordering. In thermotropic LCs a phase transition in the compound is induced 

by a temperature change whereas lyotropic phases are sensible to both, temperature and 

concentration changes in the corresponding phase diagram of the system. The long range order 

together with the possibility to align nematic phases in thermotropic LCs by electric or magnetic 

fields is extremely useful for fabricating  electronic displays (LCDs). But LCs are equally used for 

sensors, drug delivery vehicles, photonic band gap structures and optical elements such as 

adjustable lenses and lasers.27, 485  

Lyotropic liquid crystals (LLCs) are formed in aqueous solutions containing surfactant molecules. 

The latter are amphiphilic, with a polar head group and a non-polar hydrocarbon tail. In water the 

polar part of the molecule is dissolved whereas the non-polar end shows affinity towards other 

hydrocarbon ends. Adding surfactant molecules to aqueous solutions first builds out a monolayer 

of molecules on the water surface with the polar groups pointing into and hydrocarbon tails 

sticking out of the water. This has been illustrated in Figure 2.9a) dealing with the transfer of such 
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molecular monolayers onto solid substrates using the LB technique. Since the available space at 

the air-liquid interface is restricted, additional molecules will be available in solution. Increasing 

the concentration of added surfactant brings the molecules closer together and micelles can be 

formed when a critical concentration (cmc) is reached, this process being illustrated in Figure 7.5. 

A balance is established between repulsive forces of the head groups and the force arising from 

the spatial confinement of the molecules due to the concentration increase. Depending on the 

nature of the head group anionic, cationic or nonionic surfactants can be distinguished.27  

  

 

Figure 7.5:   Scheme of the micelle formation, occurring when the critical micelle concentration (cmc) of surfactants in 
aqueous solutions is reached. 

 

Further increase of surfactant concentration can lead to the formation of lyotropic liquid 

crystalline phases. The LLC phases of surfactants show long-range periodicity with a typical period 

ranging from 2 to 20 nm and exhibit a rich polymorphism of structures. In the phase diagram in 

Figure 7.6 different phases including micellar, hexagonal, cubic and lamellar are formed as a 

function of the concentration of nonionic surfactant in water and the temperature of the solution. 

When a precursor material is now mixed with one of the LLC phases the generation of 

nanostructured materials becomes possible. The surfactant acting as a template can be removed 

after the synthesis by calcination or a simple washing step. This approach first has been 

successfully applied to produce mesoporous silica by calcinating aluminosilicate gels in the 

presence of surfactants.486 Since then many different organic and inorganic materials have 

successfully been mesostructured using this approach.485, 487 
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Figure 7.6: Phase diagram of C16EO8 mixed with water as a function of the temperature showing the most common 
phases in the lyotropic liquid crystalline media.

488
 

  

The first metallic mesoporous structure produced from LLC templates was based on the chemical 

reduction of a platinum salt in the presence of surfactants, resulting in mesoporous colloidal Pt 

particles .489, 490 Shortly after this, it has been reported that mesoporous platinum films also could 

be produced by electrochemical reduction of metal ions in the aqueous domains of the LLC 

template.246 This was a remarkable finding as the mesoporous film deposits were not only flat, 

mechanically robust and shiny in appearance but most importantly, showed well ordered pores 

that were arranged perpendicular to the surface or under small angles to the surface normal. The 

driving force for the pore alignment is believed to be the applied electric field.490 To date a wide 

range of mesoporous metal films can be electrochemically deposited from LLC templates 

including Co, Ni, Cu, Zn, Ru, Rh, Pd, Ag, Cd, Sn, Pt and Bi and alloys of these.490, 491 However, not all 

of them showed a high degree of order in the final mesoporous structure. For some metals (e.g. 

gold) LLC templating did not lead to a mesoporous structure of the material. Besides metals also 

mesoporous conducting polymers492 and prussian blue films493 could be electrodeposited in this 

manner. A perpendicular pore alignment was also reported in mesoporous silica films that were 

electrodeposited by potential driven polycondensation of a silica sol.494 The pore size in LLC 

templating can be adjusted in a range between 2 and 15nm by using surfactant molecules of 

different hydrocarbon chain lengths or the addition of hydrophobic additives.246 The extremely 

high surface area of mesoporous materials makes them interesting candidates among others for 

applications in energy storage495 (supercapacitors, batteries), energy conversion (fuel cells) and 
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sensors.494, 496, 497  Here we used LLC templating to artificially increase the active surface area of 

the microelectrodes on the MEA by a mesoporous platium film deposit. 

 

7.3 Characterization of unmodified MEAs 

 

The MEAs that were used in this work were provided by the laboratory "Electronique, Systèmes 

de communication et Microsystèmes" (ESYCOM) in Paris (Lionel Rousseau). In order to highlight 

the influence of electrode diameter on intrinsic noise level, and further assess the benefit of 

mesoporous modifications, 56-channel MEAs with different electrode sizes (6, 8, 12, 16, 32, 64 

μm) have been developed (see Figure 7.7a - c). The electrodes either were arranged in a 4×15 

layout without corners, covering an area of 900×12600 μm2 adapted to the geometry of 

embryonic hindbrain-spinal cord preparations, or in a 1×56 linear arrangement with an inter-

electrode spacing of 150 μm. The different electrode sizes were produced from a metal layer of 

unique size (80 μm) covered by a silicon nitride insulation layer having an opening of variable size. 

These arrays were compatible with MultichannelSystems amplifier MEA1060 in order to be tested 

for neural recording.  

 

 

Figure 7.7:   a) Microfabrication steps of the MEAs. b) Example of a MEA made on a glass substrate. c) Close-up view of 

microelectrodes of different sizes. 

 

Figure 7.7a) illustrates the fabrication process of the MEAs using lithographic techniques. A 

detailed description of this can be found in the experimental section in chapter 9.1.5.1. Figure 

7.7b) shows a digital image of such a MEA with platinum electrodes on the glass substrate. The 

microelectrodes are situated in the center of the ring and can be individually addressed by the 

metal pads at the border of the array thanks to the corresponding leads. Figure 7.7c) shows an 

example of resulting electrodes of different sizes on a silicon substrate. Here the electrode size 
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decreases from left to right (image showing 264µm, 432µm, 416µm and 212µm electrodes). 

All the tests and characterizations presented thereafter were performed on glass substrate MEAs. 

We first assessed how the noise level of the microelectrodes depended on their diameter. To 

measure the intrinsic noise level of the electrodes, the electrical potential was recorded in 

physiological liquid (see experimental section in chapter 9.1.5.3). The standard deviation of the 

signal  s was then calculated over a 1 min recording period for each electrode of the array. 

Because this noise level was composed of both, the intrinsic noise level of the electrodes  e and 

the electronic noise level of the amplifiers  a, we assumed statistical independence of these two 

noise sources and estimated the intrinsic noise level of each electrode by using equation 7.2. 

 

       
     

       (7.2) 

 

The electronic noise level of the amplifiers  a was measured with the amplifier inputs connected 

to the ground. 

Figure 7.8a) shows an example of noise recording for different electrode sizes. It can be seen that 

the smaller the electrode, the higher the noise, with peak-to-peak amplitudes of typical 

measurements in the range of 40-60 μV for electrode diameters below 16 μm. This phenomenon 

is due to both the intrinsic thermal noise of the electrode and their higher sensitivity to 

environmental perturbations at high impedance.  

 

 

Figure 7.8: a) Example of background noise recording with electrodes of different sizes. b) Dependence of intrinsic 
electrode noise upon electrode diameter (average ± SD over 236 electrodes). 
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The strong increase of the noise level for smaller electrode sizes is problematic for the recording 

of neural activity, as the electrical signals originating from the electrogenic tissue often are too 

small to be clearly discriminated from the intrinsic noise of the electrode. 389, 390 Problems related 

to the thermal electrode noise have also been reported in other application fields of 

potentiostatic sensors, suggesting that this is a general problem encountered in microsensors.497  

The results of the noise measurement have further been quantified and are shown in Figure 7.8b). 

Plotting the intrinsic noise level as a function of the electrode diameter results in an inverse 

proportional relationship between these two parameters.    

To further characterize the unmodified MEAs, the impedance of the microelectrodes was 

measured in physiological solution (see Chapter 9.1.5.4). Figure 7.9a) shows a plot of the 

impedance as a function of the electrode diameter. The impedance was found inversely 

proportional to the electrode diameter similarly as shown for the intrinsic noise. In the following, 

noise and impedance values were correlated for microelectrodes of different diameters and the 

experimental results were compared with the theoretical predictions shown in equation 7.1.389, 390  

Figure 7.9b) shows the noise level plotted as a function of the corresponding impedance for 63 

electrodes. The electrode noise level was found to increase with the square root of the electrode 

impedance, which is in accordance with previous theoretical predictions. 

 

Figure 7.9: a) Dependence of electrode impedance (E = 0.3 V vs. Ag/AgCl and f = 1 kHz) on electrode diameter (n=65 
electrodes). b) Square root dependence of intrinsic electrode noise on electrode impedance (n=63 electrodes) 
(p<0.0001). 

 

The results shown here clearly indicate that the intrinsic noise depends strongly on the size or the 

geometric surface area of the microelectrodes. In order to increase the active surface area by 

keeping small overall dimensions, a mesoporous platinum overlayer is electrodeposited on the 

surface of the microelectrodes. This should significantly decrease the noise level, especially for 

microelectrodes with diameters smaller than 20µm.  
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7.4 Electroplating and electrochemical characterization of MEAs 

 

Figure 7.10 outlines the key steps that were necessary to fabricate mesoporous microelectrodes 

on a MEA. A nanostructured metal film on the microelectrodes was obtained by electroplating a 

metal in the presence of lyotropic liquid crystalline phases, acting as a template.246 Here, platinum 

ions that were dissolved in the aqueous domains of the liquid crystalline phases were 

electrochemically reduced. This resulted in a platinum deposit around the surfactant molecules 

that were arranged in a rod like configuration. Washing away the surfactant after the 

electroplating revealed an array of mesopores in the metal deposit. The mesoporous Pt film 

hence was an exact cast of the template structure. 

  

 

Figure 7.10:   Illustration of the steps involved in the fabrication of mesoporous microelectrodes using lyotropic liquid 
crystal templating.  

 

Details concerning the fabrication of the plating mixture composed of water, platinum salt and a 

nonionic surfactant in addition to the description of the subsequent electrodeposition onto the 

microelectrodes of the MEA can be found in chapter 9.1.5.2. As the plating mixture was highly 

viscous, owing to the high concentration of surfactant, care had to be taken to apply it to the 

electrodes in such a way that good physical contact is established between the electrode and the 

paste. The deposition of nanostructured platinum films could be either carried out simultaneously 

on all microelectrodes, or in separate deposition steps on single electrodes. The last option 

allowed to vary the applied charge density for the different electrodes on a single array and hence 

to examine the influence of film thickness on the properties of the modified electrodes.   

Figure 7.11a) and b) show SEM images of a flat and a mesoporous 8-μm diameter microelectrode, 

respectively. The size of the mesopores (around 2 nm) is defined by the lyotropic liquid crystal 
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template used during the electrodeposition.246 This pore size is too small to be resolved in SEM 

images, but nevertheless the global surface morphology of the electrodeposited film could be 

assessed at a lower resolution. Figure 7.11b) reveals a homogenous, very smooth platinum film. A 

slightly thicker deposit of platinum can be observed at the perimeter of the electrode originating 

from a more efficient radial diffusion occurring on microelectrodes. However for thin deposits, 

not exceeding an injected charge density of 2 C/cm2 this phenomenon was not observed. 

 

 

Figure 7.11: a) SEM image of a smooth platinum microelectrode on the MEA with a diameter of 8μm. b) The same 
microelectrode as in a) after deposition of a mesoporous platinum overlayer (applied charge density 8C/cm

2
). 

 

In order to compare flat with mesoporous microelectrodes, CV experiments were performed 

before and after electrodeposition. Cyclic voltammograms were recorded with a scan rate of 100 

mV/s in 0.5 M sulfuric acid previously bubbled with nitrogen for 5min. Figure 7.12 shows typical 

CVs for 12-μm-diameter platinum microelectrodes with and without a nanostructured surface. 

The platinum oxide reduction current observed for the mesoporous electrode is more than one 

order of magnitude higher (×50) compared to the flat microelectrode. This increase is due to the 

well-ordered, highly accessible array of mesopores on the electrode surface. 
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Figure 7.12 Electrochemical characterization. Comparison of the cyclic voltammograms obtained for a microelectrode 
(diameter: 12 μm) before (dashed line) and after (plain line) the deposition of a mesoporous platinum film on the 
surface. The inset zooms into the gray rectangle showing the CV of the non porous microelectrode in detail. Note the 
increased reduction peak of platinum oxide after porous modification (hashed area of the blue CV). 

 

The results of the CV experiments confirm the successful deposition of mesoporous platinum 

films onto the surface of the microelectrodes leading to significantly increased active electrode 

areas.  

 

7.5 Impedance and noise measurements with mesoporous MEAs 

 

Impedance spectroscopy was performed (in the range 1-10000 Hz) to determine the decrease of 

impedance obtained by mesoporous modification (see chapter 9.1.5.4 for experimental details). 

Figure 7.13a) illustrates the frequency-dependent impedance amplitude of 12-μm diameter 

microelectrodes for different amounts of charge used for their nanostructuration. In theory, the 

higher the applied charge density, the thicker the mesoporous film, and thus the lower the 

impedance. We found that nanostructuration reduced the impedance by up to 2 orders of 

magnitude, the highest decrease being obtained at lower frequencies. Increasing the amount of 

charge used for the modification above 1 C/cm2 improved electrode impedance only moderately. 

The mesoporous film behaves like the idealized de Levie model of a porous electrode. Each pore 

acts like a transmission line so that at low frequency the charging/discharging of the pore wall 

capacitance progresses deeper into the pore than at high frequency. Hence increasing film 
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thickness will have no effect beyond a certain value at a fixed frequency, because the innermost 

part of the pore will no longer contribute.498  

 

 

Figure 7.13:   Impedance spectroscopy of flat versus mesoporous 12-μm-diameter microelectrodes modified using 
different charge densities. 

 

Furthermore the impedance reduction for different electrode diameters was evaluated. This is 

shown in Figure 7.14 where the electrode impedance is plotted as a function of the applied 

charge density (which is proportional to film thickness) for different frequencies. For the 6- and 8-

µm electrodes a similar trend is observed as in Figure 7.13, showing no significant decrease of the 

electrode impedance when the applied charge densities exceeds 1 C/cm2. A reduction by a factor 

of 5-10 was generally obtained at all frequencies for the three diameters tested (6, 8, 12 microns), 

systematically with the strongest improvement (> 10) for 12 μm microelectrodes. 
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Figure 7.14:   Influence of charge density on electrode impedance at 4 different frequencies for 3 electrode diameters. It 
can be seen that increasing charge density beyond 1 C/cm

2
 only brings limited improvement of the impedance. 

 

As expected from equation 7.1, decrease of the electrode impedance lowers also the noise level 

as shown in Figure 7.9b). In the following we therefore evaluated the improvement of the intrinsic 

noise level due to the mesoporous structuration of the electrode surface (details see section 

9.1.5.3).  

Figure 7.15a) shows an example of the noise signals recorded from flat and modified 12-μm 

diameter microelectrodes. A strong reduction of the noise level is observed for the 

microelectrode with a mesoporous platinum overlayer. 

 

 

Figure 7.15:   Example of the noise improvement for a 12-μm microelectrode (raw signals). 

 

The quantitative evaluation of the noise level for the different electrode diameters is illustrated in 

Figure 7.16 as a function of the applied charge density. In accordance with the results obtained in 

the impedance measurements, no significant improvement was obtained by increasing the 

amount of charge injected beyond 1 C/cm2. The lowest noise level was attained for the 12µm 
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mesoporous microelectrodes. The noise could also be significantly reduced for the 

microelectrodes with a diameter of 6 and 8µm.  

 

 

Figure 7.16:   Example of noise improvement for 3 electrode diameters as a function of the charge density used for the 
mesoporous modification. 

 

Finally, we tested the reproducibility of the noise improvement on an array composed of 56 12-

μm microelectrodes that were modified with a charge of 4 C/cm2.  

 

 

Figure 7.17:   Improvement of microelectrode intrinsic noise across a whole array of 12-μm microelectrodes modified 
with a charge of 4 C/cm

2
. 

As shown in Figure 7.17, the noise improvement was homogenous across the array, decreasing 

from 8.4 ± 1.1 μV (mean ± SD) to 3.3 ± 1.2 μV, corresponding to an average reduction by a factor 
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of 2.7 ± 0.6.The most significant improvement of microelectrode performance was obtained for 

diameters of 12 microns, for which noise was reduced by roughly a factor of 3. As shown in Figure 

7.16, the noise level of smaller microelectrodes could also be significantly reduced, although the 

improvement factor was slightly smaller. This may be understood in the light of a previous work 

detailing the influence of several parameters on electrodeposited mesoporous platinum films.499 

This study indeed showed that, when the size of the electrode is smaller than 200 μm, its 

roughness factor, which represents a measure for the gain of active surface area for a 

mesoporous compared to a smooth film, decreases for decreasing electrode size. This finding was 

attributed to lower efficiencies in the electrodeposition process when micro- instead of 

macroelectrodes were used. The fact that radial diffusion occurs more efficiently on 

microelectrodes can cause intermediate reaction products to diffuse away from the electrode 

surface before being reduced to solid platinum. The faradaic efficiency of the Pt deposition in this 

case varies with the size of the electrode and time and eventually because of the reduction of 

dissolved oxygen.500 In the same regard, we observed during the electrodeposition experiments 

that a fixed amount of charge density was injected in less time into smaller microelectrodes, 

indicating that diffusion characteristics changed as a function of the microelectrode diameter. 

Nevertheless, the good reproducibility of the results obtained in different electrodeposition 

experiments provides evidence for the high degree of ordering of the lyotropic liquid crystal 

template, which is maintained in the final pore structure of the mesoporous film. It has been 

proposed by other authors to use mesoporous film deposits in order to improve the performance 

of microelectrode arrays. Mesoporous PEDOT showed improved electrical characteristics with 

respect to nodular PPy and PEDOT microelectrodes, but also a higher rate of cell death due to 

minute concentrations of remaining non-ionic surfactant. 501 Another work dealing with surfactant 

templated mesoporous platinum microelectrodes for a use in MEAs reported charge injection 

limits in the order of 3mC/cm2 corresponding to 10-fold increase over smooth platinum surfaces. 

502 However, no example for the recording of neuronal activity with such electrodes has been 

shown so far. Hence, in the following section, we will present the recording of neural activity in a 

biological tissue using mesoporous microelectrodes and compare the obtained results with those 

obtained for unmodified platinum microelectrodes.   

 

7.6 Biological measurements with mesoporous MEAs   

 

In order to show the benefits of the mesoporous structure deposited on the microelectrodes with 

respect to neural recording, spontaneous activity of an electrogenic tissue has been recorded with 
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a modified MEA. Figure 7.18a) shows the experimental setup used for the recording of neural 

activity. Similar to the noise recording, the potential was detected with respect to an Ag/AgCl 

reference electrode. Neural activity was recorded from a hindbrain-spinal cord of an embryonic 

mouse which was placed onto the microelectrodes of the MEA. Further experimental details can 

be found in chapter 9.1.5.5. Figure 7.18b) shows a view from below on the MEA containing the 

spinal cord fixed by a plastic net to ensure a tight contact with the microelectrodes. 

     

 

Figure 7.18 a) Optical photograph of the experimental setup used for the recording of neural activity. b) View from 
below on the area inside the glass ring of the MEA showing the spinal cord tissue, the plastic net ensuring tight contact 

between electrodes and tissue, the leads and the microelectrodes arranged in 415 layout.  

       

Figure 7.19a) gives a closer view of the tissue placed on top of the microelectrodes. 12-µm 

diameter mesoporous platinum microelectrodes were used to record the rhythmic activity of the 

hindbrain-spinal cord preparations. As seen in Figure 7.19b), activity was composed of rostro-

caudal waves originating in the hindbrain and propagating caudally along the spinal cord.503 Figure 

7.19c) shows a close-up view of two successive episodes recorded on 2 electrodes of the array. 

Each episode is composed of a local-field potential superimposed on a burst of spikes. Figure 

7.19d) shows the same data segment after high-pass filtering (>200Hz), for which low-amplitude 

bursts of spikes can easily be seen. As illustrated in Figure 7.19e), these bursts would not have 

been visible using conventional 12-μm flat platinum microelectrodes. 
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Figure 7.19 Low-noise recording of neural activity using mesoporous MEAs. a) Whole embryonic (E13.5) hindbrain-

spinal cord preparation on a 415 mesoporous MEA. b) Example of array-wide recording of rhythmic activity in such a 
preparation showing two wave-like episodes. c) Close-up view of the raw signal corresponding to the 2 channels 
highlighted in b). Each episode is composed of a local field potential on which a burst of spikes is superimposed. d) 
Same signals as in c) after high-pass filtering showing only the bursts of spikes. e) Same signals as in d) but 
superimposed on the background noise of the same microelectrodes before mesoporous modification. This last panel 
shows that bursting activity would not have been detected with flat unmodified electrodes. 

 

The mesoporous strategy thus offers an interesting alternative to other porous modifications 

(such as platinum black or carbon nanotubes), that have so far shown limited mechanical stability. 

Interestingly enough for end-users such as neuroscientists, modification of the microelectrodes 

can be achieved using a rather simple laboratory equipment (namely a voltage supply) from a 

chemical mixture quite easily prepared in the laboratory from commercially available chemicals.  
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8 Conclusion and Outlook 
 

In the present work we employed template-assisted electrodeposition to produce new electrode 

materials with a highly controlled and ordered porosity. Besides their potential applications in 

various domains, they showed improved performance over non-porous electrodes in the context 

of the recording of neuronal activity using MEAs and the catalytic reduction of oxygen with 

cylindrical gold microwires. Our strategy for elaborating macroporous electrodes focused on 

colloidal crystal templating. The particular benefit of combining the Langmuir-Blodgett (LB) 

technique for the assembly of colloidal templates with electrodeposition for the subsequent 

infiltration of the templates consists in a very high level of control over the final architecture of 

macroporous electrodes. Besides controlling the number of sphere layers transferred on planar or 

cylindrical substrate geometries, the LB approach allowed to create a predefined sequence of 

layers with different particle sizes to be stacked at will within a colloidal template. Hence, in 

addition to templates composed of a single particle size, we generated colloidal crystals with on 

purpose integrated defects and gradients in terms of sphere size with a high structural integrity. 

During the infiltration of the templates with different metals or conducting polymers using 

amperometric electrodeposition we observed temporal current oscillations which were caused by 

a periodic variation of the electroactive area in the templates. The duration and the precision of 

the oscillating current signal was found to depend on the uniformity of the proceeding growth 

front of the electrodeposit and the organization of sphere layers in z-direction of the template. 

For example, templates of successive layers with increasing sphere diameters and a more 

progressive variation of the bead size in the different layers were more regular and resulted in 

more pronounced current transients. The current oscillations allowed us to follow the filling of the 

template with material and hence to precisely control the thickness of the macroporous 

electrodes.  

The characterization by SEM revealed macroporous films of uniform thickness with 

interconnected pores on the surface of planar and cylindrical electrodes for both types of 

structures, composed of a single pore size or more complex architectures including integrated 

defect layers or pore size gradients. The active surface area of macroporous gold films could be 

determined from the gold-oxide stripping peak using CV and increased linearly with the number 

of pore layers on the electrode in accordance with geometrical considerations. We also found 

that the kinetics of the ion exchange with the electrolyte was enhanced in macroporous PPy 

compared to flat PPy films.  
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A miniaturization of the process could successfully be achieved by creating macroporous gold and 

PPy films on gold microwires with diameters between 25 and 250µm. The reduction of oxygen 

carried out on the gold microwires revealed higher catalytic currents combined with decreased 

overpotentials when macroporous instead of flat gold wires were used. This result is very 

promising with respect to potential applications of these porous wires in miniature biofuel cells or 

sensor devices. A further miniaturization of the device was proposed by generating a miniaturized 

electrochemical cell composed of two macroporous electrodes. This could be realized by 

electrodepositing a nickel film between two gold layers in a colloidal template, the former being 

selectively dissolved in acid. Owing to the control provided by the oscillating current signal the 

thickness of the macroporous electrodes as well as their respective distance can be precisely 

controlled. Using the stripping peak of the gold oxide reduction we showed that two 

independently addressable macroporous electrodes can be obtained. The concept of integrating 

two miniature porous electrodes in one single device may be employed to further reduce the 

overall dimensions in electrochemical cells as batteries or fuel cells by offering higher active 

electrode areas compared to devices with smooth electrodes. Future work should focus on 

improving the mechanical stability of the cell in order to prevent a short circuit of the two 

electrodes, especially after the dissolution of the colloidal template. 

We also evaluated the possibility to deposit thin multilayer structures of two different materials in 

a colloidal monolayer in order to study the optical properties of the resulting material. Metal 

deposition on PPy films was strongly inhibited owing to the low and inhomogeneous conductivity 

in the polymer leading to less reproducible multilayer films with a rough surface structure. 

Amperometric deposition of alternating gold and nickel layers resulted in well defined and very 

smooth multilayer structures. The thickness of the individual layers could be controlled in the 

nanometer range by adapting the electrodeposition time. The current intensity was found to 

change for different deposited layers as a function of the position in the template. Either nickel 

layers or the colloidal template could be selectively dissolved. By comparing experimental and 

theoretically calculated reflectance spectra for gold/nickel multilayer samples several common 

features were found. The influence of different parameters including the sphere size, the number 

and thickness of the individual layers in the multilayer film etc. on the optical properties of the 

material will be examined in future work. This could enable to tailor materials offering interesting 

optical properties in the context of metamaterials. 

Finally we used ordered mesoporous films deposited on the microelectrodes of microelectrode 

arrays (MEAs) to improve their performance with respect to neuronal recording. Small 

microelectrodes (typically <20µm) suffer from high noise levels limiting the recording sensitivity in 
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MEAs. It was found that the noise and the impedance strongly increase when the size of the 

microelectrode decreases confirming theoretical predictions. Thus we used lyotropic liquid 

crystalline phases as soft templates to deposit mesoporous platinum overlayers on the 

microelectrodes in order to artificially increase their active surface areas. The electrochemical 

characterization by CV confirmed the increase of the electrode area by almost two orders of 

magnitude for the mesoporous compared to the flat platinum film, leading to a decrease of the 

impedance by more than one order of magnitude and to a reduction of the noise by a factor of 2 

to 3 depending on the diameter of the microelectrodes. With regard to the recording of neuronal 

activity we showed the utility of mesoporous film deposits by resolving neural signals on 12µm-

electrodes which would have been hidden by the noise using flat platinum microelectrodes. 

Improved mechanical stability compared to other porous modification (e.g. platinum black or 

carbon nanotubes) combined with a high reproducibility are important characteristics of the 

mesoporous strategy. Besides the improvement with respect to the signal to noise ratio, 

demonstrated in this study, future work will also evaluate the performance of such 

nanostructured electrode arrays in the frame of neural stimulation, because the amount of 

injected charge should be in this case much higher for a given geometric electrode surface 

without damaging the electrode material.  
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9 Annex 

9.1 Experimental section 

9.1.1 Functionalization of silica spheres 

The functionalization of the silica beads was carried out by adding a large amount of 

aminopropyltriethoxysilane directly into the nanoparticles dispersion. The amount of coupling 

agent was around 10 times greater than the amount necessary to cover the inorganic surface with 

a monolayer (the theoretical amount for such a coverage being nominally 2 molecules/nm2). After 

it was left to react overnight, the mixture was held at 80°C for 1h to promote covalent bonding of 

the organosilane to the surface of the silica nanoparticles. The choice of 

aminopropyltriethoxysilane was driven by the necessity to avoid the aggregation of the silica 

particles either in solution before their spreading at the air–water interface or just after this step. 

9.1.2 Langmuir-Blodgett experiments  

9.1.2.1 Langmuir film formation  

A dilute suspension of silica particles (ca. 10 mg per mL of a 80-20 v/v chloroform-ethanol mixture) 

was spread at the air-water interface of a Langmuir trough filled with double-distilled water. After 

solvent evaporation, the obtained Langmuir film was compressed stepwise (1 mN/m per 1 mN/m) 

until the increase of the surface pressure did not modify the area occupied by the particles at the 

interface. Transfer of a single layer of particles onto a clean glass slide was then carried out to 

verify the film quality. 

9.1.2.2 Deposition of LB films onto planar substrates 

Gold-coated glass slides were cut into small pieces with a surface between 3 and 4 cm2 and used 

as substrates for the LB transfer. After cautious washing in several solvents (water, acetone and 

chloroform) to remove all possible contaminations from organic molecules, the pieces stayed in 

an aqueous cysteamine (Fluka) solution overnight to ensure a good hydrophilicity of the gold 

surface through the formation of a self-assembled monolayer. The slides were then used as 

substrates for the LB deposition, a computer-controlled dipping system allowing immersion and 

withdrawal through the interface. This procedure was automatically carried out several times, 

until the desired number of particle layers had been transferred. 
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9.1.3 Multilayers of different materials deposited in colloidal crystals 

9.1.3.1 Optical characterization of metal multilayer samples 

Simulations were performed with the finite-difference time-domain (FDTD) method, using MEEP, 

a freely available software package developed by Massachussets Institute of Technnology, with 

subpixel smoothing for increased accuracy. In all simulations, the colloidal monolayer has been 

represented by monodiperse spheres with a size of 1200nm arranged in a cubic face-centered 

lattice. The multilayer deposit was assumed to fill the monolayer up to a height of 1050nm, the 

thickness of each individual gold and nickel layer assumed to be 75nm. Refractive indices for silica 

and air were taken as 2.1 and 1.0, respectively, whereas for gold and nickel, they were 

determined from dispersion relations according to the Drude-Lorentz model using parameters 

given in the work from Rakic et al.504 

The computational cell, in which the incoming wave propagates along the z direction, has been 

implemented with periodic boundary conditions in the x and y directions. The resolution of the 

grid has been refined such that the convergence of the results was ensured. To be in close 

agreement with the experimental conditions, the crystal was set on a substrate (with a dielectric 

constant of 2.3 on top of which a 200nm-thick gold layer was deposited) extending to the PMLs in 

the z direction. 

9.1.4 Macroporous cylindrical microelectrodes   

9.1.4.1  Langmuir film transfer on cylindrical gold microwires 

Gold wires of various diameters (25, 50 and 250 µm) purchased from Goodfellow were cut in 

small pieces with a length between 2 and 3 cm and used as substrates for the LB transfer. After a 

cautious washing in several solvents (water, acetone and chloroform) to remove all possible 

contamination from organic molecules, the pieces stayed in an aqueous cysteamine (Fluka) 

solution overnight to ensure a good hydrophilicity of the gold surface. The small wires were then 

fixed with a scotch tape onto a glass support at one extremity and used for the LB deposition. A 

computer-controlled dipping system finally allows immersing the wires quickly through the 

interface before withdrawing them at a low speed (1 mm.min-1) in order to deposit one single 

layer of particles during the upstroke. This procedure was automatically carried out several times, 

until the desired number of particle layers on the wires was reached (from 1 up to 100 layers). 
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9.1.4.2 Potentiostatic growth of  gold and polypyrrole:  

After the formation of the silica template, the gold wires were used as working electrodes in a 

typical three-electrode cell with a platinum or carbon grid as counter electrode and an Ag/AgCl 

electrode as reference. To ensure a homogeneous growth of the gold deposit, the counter 

electrode had a cylindrical shape and was placed symmetrically around the working electrode. A 

cyanide-free gold plating bath purchased from Metalor (ECF-60; gold concentration 10g.L-1) was 

used as received for the metal deposition. A constant potential of -660mV was applied and the 

intensity of the faradaic current resulting from the Au ion reduction was measured with an 

Autolab PGSTAT 20 potentiosat (EcoChemie) system monitored by a PC running GPES 4.9 

software. 

9.1.5 Measurements with MEAs 

9.1.5.1 Fabrication of MEAs (at ESYCOM, Paris) 

First, an initial substrate consisting of either glass or a silicon wafer covered by a 500nm oxide 

layer is patterned with a metal layer defining the electrodes and their leads by a lift-off technique. 

For this purpose, the wafer is spin-coated with 2 μm of NLOF 2020 (Clariant) photoresist, which is 

further removed at specific locations by photolithography to define the geometry of the metal 

layer. Next, 50 nm of titanium and 150 nm of platinum are deposited over the whole wafer. The 

wafer is then placed in an ultrasonic bath with a dedicated remover AZ400 to remove the 

photoresist, leaving only the metal layer deposited directly on the initial substrate at the location 

of the electrodes and leads. In a second step, an insulation layer of silicon nitride is deposited by 

PECVD (Plasma Enhanced Chemical Vapor Deposition) over the whole wafer. This silicon nitride 

layer is then etched at the location of the electrodes. For this purpose, the wafer is protected by a 

NLOF photoresist film (2 μm), which is etched over the electrodes to define the different 

electrode sizes. Then, the silicon nitride is etched, using a plasma of SF6 gas at locations not 

protected by the photoresist (i.e. electrodes). NLOF is then removed. Finally, the wafer is cleaned 

and cut to separate the MEAs and an annular glass ring was glued with polydimethoxy silane 

(PDMS) to constitute a recording chamber around the electrodes. 

9.1.5.2 Mesoporous modification of MEAs 

The plating mixture consisted of a ternary system composed of 42wt% octaethylene glycol 

monododecyl ether (C12EO8, 98% purity, Sigma Aldrich), 29wt% hexachloroplatinic acid hydrate 
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(H2PtCl6 , 99.9% purity, Sigma Aldrich), and 29wt% Milli-Q reagent water (resistivity ≥ 18 MΩ cm). 

The components were mixed in a glass vial vigorously for several minutes at room temperature 

until a gel-like compound was obtained. The closed vial was then placed in a thermostated oven 

at ~40°C for 30 min to allow the mixture to homogenize. Subsequent mixing and heating steps 

were repeated until a homogeneous sample was obtained.  

The viscous plating mixture was then applied simultaneously to all the microelectrodes on the 

MEA. An Ag/AgCl electrode and a platinum wire (diameter 1mm) were put into the plating 

mixture, to serve as reference and counter electrode, respectively. The microelectrodes of the 

MEA were the working electrodes. To reduce the platinum ions present in the plating mixture the 

potential was stepped from a value of +0,6 V to -0,1 V until the desired amount of charge had 

passed. In order to study the influence of the film thickness on the physical properties of the 

electrode, different amounts of charge ranging from 1 to 8 C/cm2 were applied to single 

microelectrodes on the MEA. In some experiments electrodeposition was carried out 

simultaneously on all microelectrodes with a fixed value of charge. After the electrodeposition 

step the plating mixture was removed and the microelectrodes were rinsed with copious amounts 

of water to wash away the surfactant. To make sure that no surfactant remains in the pores, a 

piranha solution (be careful: dangerous solution), composed of 75vol% H2SO4 (95-98% H2SO4, 

Merck) and 25vol% hydrogen peroxide (H2O2, 30% solution, Fluka), was allowed to react with the 

microelectrodes for 10 min followed by a washing procedure with distilled water. Scanning 

electron micrographs of the electrodes were recorded with a Hitachi Tabletop Microscope TM-

1000, using an accelerating voltage of 15 kV.  

9.1.5.3 Thermal Noise  

To measure the intrinsic noise level of the electrodes, the electrical potential was recorded for 1 

minute in physiological liquid (in mM: 113 NaCl, 4.5 KCl, 2 CaCl22H2O, 1 MgCl26H2O, 25 NaHCO3, 1 

NaH2PO4H2O and 11 D-glucose) between each of the 60 microelectrodes and an Ag/AgCl ground 

electrode pellet. Signals were 1100× amplified and bandpass filtered between 1 Hz and 3 kHz 

using MCS MEA1060-Up-BC filter amplifiers from MultichannelSystems (Reutlingen, Germany). 

Data were acquired at 10 kHz using two synchronized CED Power1401 AD converters and the 

Spike2 v6 software from Cambridge Electronic Design (Cambridge, England). The standard 

deviation of the signal σs was then calculated over a 1 min recording period for each electrode of 

the array. The electronic noise level of the amplifiers σa was measured with the amplifier inputs 

connected to the ground. 
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9.1.5.4 Impedance 

Impedance measurements were performed in the same physiological liquid as that used for 

neural tissue recoding, using an Autolab PGSTAT 12 (EcoChemie, Metrohm) potentiostat 

equipped with a frequency response analyzer (FRA module). Measurements were recorded 

between 10 kHz and 1 Hz with an AC amplitude of 10 mV peak to peak and 6 points per frequency 

decades. The applied working potential during the measurement was maintained at 0.3V vs. 

Ag/AgCl. 

9.1.5.5 Neural recordings 

Neural recordings were obtained from whole embryonic mouse hindbrain-spinal cord 

preparations, as previously described.503 In brief, E13.5 embryos were surgically removed from 

pregnant OF1 mice (Charles River Laboratories, L’Arbresle, France), previously killed by cervical 

dislocation. Embryos were decapitated and their whole spinal cord and hindbrain were dissected 

in the physiological liquid gassed with carbogen (95% O2, 5% CO2), meninges were removed, and 

the neural tube was opened along the rostro-caudal axis (open-book preparation) and then 

placed over the array of microelectrodes (415 layout) and superfused with physiological liquid, 

gassed with carbogen. A plastic net with small holes (7070 μm2) was laid on the neural tissue, in 

order to achieve a tight and uniform contact with the microelectrodes. Spontaneous rhythmic 

activity of this immature preparation was recorded for several hours at room temperature using 

the same apparatus as for the noise measurements. 
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9.2 Personal contribution of M. Heim to the different subtopics 

 

Chapter II: Colloidal crystals 

Based on previous reports in the literature, the Langmuir-Blodgett experiments for the assembly 

of colloidal crystals on samples with plane geometry have been performed by the candidate. 

Therefore colloidal silica particles were synthesized, surface functionalized and characterized by 

the candidate in collaboration with a post-doc, S. Reculusa. 

 

Chapter III: Macroporous electrodes by infiltration of colloidal crystals 

The possibility to control the film build-up due to oscillating current signals during the 

chronamperometric deposition into colloidal templates has been reported before. The 

observation of this phenomenon up to filling levels of 25 sphere layers is new and the candidate 

has also further extended the concept to platinum, nickel and polypyrrole. The electrochemical 

characterization of macroporous metal and conducting polymer samples was performed by the 

candidate. The active surface area was shown to increase linearly with the number of porous 

layers in macroporous gold electrodes, even for samples with a very high number of pore layers 

(up to 25).       

 

Chapter IV: Macroporous materials with a gradient in pore diameter   

The fabrication of colloidal templates with a planar defect and single-gradient structures as well 

as their optical characterization has been carried out by the candidate in collaboration with the 

post-doc. The more complex double-gradient template structures have been produced by the 

candidate using the LB technique by choosing an appropriate sequence of sphere size successions. 

The electrodeposition of PPy and gold into these templates together with the characterization of 

the resulting macroporous electrodes with different complex pore architectures in the SEM was 

done by the candidate.  
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Chapter V: Multilayer deposition of different materials in colloidal crystals 

Templates composed of silica sphere monolayers have been assembled by the candidate using 

the LB technique. Alternate layers of different materials, either PPy and different metals or gold 

and nickel, have been electrodeposited into the templates by the candidate. The SEM 

characterization of the samples has been performed by the candidate, the optical characterization 

including the calculation of the theoretical spectra was done in collaboration with the post-doc.  

 

Chapter VI: Catalytically active macroporous microelectrodes with 

cylindrical geometry 

The deposition of colloidal templates on microwire substrates has been performed by the post-

doc S. Reculusa. Electrodeposition experiments as well as the measurements for the 

determination of the active surface area and the catalytic activity of the microwires have been 

performed by the candidate in collaboration with the post-doc. The extension of the concept 

focusing on a miniaturized electrochemical cell has been undertaken by the candidate. All 

experiments including the electrodeposition of Au/Ni layers, the dissolution of the intermediate 

Ni-layer and the electrochemical characterization of the cell has been performed by the candidate. 

A slight modification of this approach enabled the candidate also to produce freestanding 

macroporous metallic films. 

 

Chapter VII: Mesoporous microelectrodes on multielectrode arrays (MEAs) 

for low noise neuronal recording 

Preliminary work showing promising results for the deposition of mesoporous films on 

microelectrodes of MEAs had been performed by a former PhD student, V. Urbanova. Based on 

this, electrodeposition of mesoporous platinum films on the microelectrodes of MEAs including 

the electrochemical characterization was performed by the candidate. In the same way the 

impedance and noise measurements were performed by the candidate. The test of the modified 

microelectrodes in neurobiological conditions was conducted by Dr. Blaise Yvert in collaboration 

with the candidate using an embryonic mouse spinal cord for the recording of spontaneous 

neuronal activity.    
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9.3 Publications and conference participations 

 

9.3.1 Publications in peer-reviewed journals and patent applications 

 

Reculusa, S.; Heim, M.; Gao, F.; Mano, N.; Ravaine, S.; Kuhn, A., "Design of catalytically active 

cylindrical and macroporous gold microelectrodes". Adv. Funct. Mater. 2011, 21, 691-698. 

Heim, M.; Reculusa, S.; Ravaine, S.; Kuhn, A., Engineering of complex macroporous materials 

through controlled electrodeposition in colloidal superstructures. Adv. Funct. Mater. 2012, 22, 

538-545. 

Heim, M.; Yvert, B.; Kuhn, A., Nanostructuration strategies to enhance microelectrode array (MEA) 

performance for neuronal recording and stimulation. Journal of Physiology-Paris, DOI: 

10.1016/j.jphysparis.2011.10.001. 

Heim, M.; Urbanova, V.; Bouffier, L.; Mazzocco, C.; Rousseau, L.; Vytras, K.; Bartlett, P. N.; Kuhn, A.; 

Yvert, B., submitted. 

Heim, M., Urbanova, V., Rousseau, L., Mazzocco, C., Kuhn, A., Yvert, B. (2010) Device to stimulate 

or record a signal to or from a living tissue. European Patent Application EP 10305609.9 and PCT 

application PCT/EP2011/059431 and PCT/EP2011/059431. 
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4. 61st Annual Meeting of the International Society of Electrochemistry (ISE), Nice, France, 2010: 

M. Heim,  S. Reculusa, P. Garrigue, N. Mano, S. Ravaine , A. Kuhn."Synthesis and characterization 
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S. Ravaine , A. Kuhn. "Conception d’électrodes macroporeuses avec une géométrie complexe", 
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