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Titre : Design de Matériaux Poreux pour des Applications 

Électrochimiques 

Résumé : Le développement de matériaux poreux est l'un des sujets de recherche 

les plus fascinants notamment grâce à ces nombreuses applications allant de l'analyse 

chimique à la séparation et la catalyse. Parmi l'énorme quantité de matériaux poreux 

différents, les métaux nanoporeux sont le meilleur choix en raison de leurs propriétés 

intrinsèques telles qu'une grande surface active, un grand volume de pores et une 

grande accessibilité pour les molécules qui doivent diffuser au sein de la matrice où 

des sites catalytiquement actifs sont localisés. Afin de synthétiser de tels matériaux, 

une approche « template » est généralement utilisée pour générer des structures 

poreuses uniformes, y compris des « templates » durs et mous, qui dépendent de la 

forme de ces moules. Dans la présente thèse, l'élaboration de diverses électrodes 

métalliques poreuses via une approche de « template » souple et leurs applications 

potentielles dans le domaine de l'analyse énantiosélective, de la synthèse et de la 

séparation seront discutées. Plusieurs métaux à empreinte chirale seront présentés 

tels que le platine et le nickel dont la surface électroactive est significativement 

augmentée. Par la suite, ces métaux mésoporeux à empreinte chirale peuvent être 

utilisés pour améliorer les performances électrochimiques de différents systèmes 

allant de la synthèse électrochimique de composés chiraux à la séparation chirale ou 

encore des actionneurs, dont l’importance est grande pour des applications 

pharmaceutiques. La première partie du présent travail est consacrée à l'élaboration 

de métaux à empreinte chirale pour la synthèse asymétrique. Les surfaces actives du 

matériau d'électrode préparés présentent une sélectivité étonnamment élevée en 

terme de synthèse chirale lorsqu'elles sont combinées avec le concept d'électrochimie 

pulsée. La deuxième partie du manuscrit est consacrée à l’utilisation de composés 

naturels énantiomériquement purs pour faciliter la séparation des deux énantiomères 

d'un mélange racémique en appliquant un potentiel à la matrice métallique afin de 

contrôler les interactions électrostatiques entre les composés chiraux et les surfaces 

d’intérêt. Dans les conditions les plus appropriées, une séparation complète des deux 

énantiomères peut être observée. La troisième partie de cette thèse porte sur la 

détection chirale pour laquelle un film hybride de Pt imprimé chiral et de polypyrrole 

est utilisé comme actionneur sélectif dans des conditions d’électrochimie bipolaire. Les 
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propriétés synergiques des deux matériaux, l'activation sans fil et la reconnaissance 

chirale, ont été combinées avec succès pour l'analyse chirale sans fil. 

Outre la conception et l'application de films métalliques chiraux mésoporeux, le 

dernier chapitre démontre l'élaboration de métaux structurés hiérarchiquement, 

contenant des caractéristiques macro et mésoporeuses, obtenus en utilisant 

simultanément des approches de « template » durs et mous pour l’électrocatalayse de 

la formation d'oxygène en milieu basique. Des nanofeuilles de nickel multiporeuses 

ont été préparées via un processus d'électrodéposition en deux étapes en présence 

de billes de silice et de surfactant comme moules pour contrôler respectivement la 

structure macro- et mésoporeuse. L'effet synergique résultant des cavités 

macroporeuses et mésoporeuses combinées permet un réglage fin des propriétés 

structurelles, des performances électrocatalytiques et de la stabilité du matériau pour 

l’électrolyse de l’eau.  

En conclusion, nos résultats ouvrent des perspectives intéressantes pour le 

développement de nouveaux matériaux poreux qui présentent un intérêt potentiel pour 

diverses applications, telles que l'analyse chirale, la synthèse asymétrique, la 

séparation chimique, ainsi que la conversion et le stockage d'énergie. 

Mots clés : Impression moléculaire; Métaux mesoporeux; Reconnaissance 

chirale; Enantiosélectivité; Enantioaffinité; Porosité hiérarchique; Electrocatalyse  

 

Title : Design of Porous Materials for Electrochemical 

Applications 

Abstract : The development of porous materials has been one of the most 

fascinating research topics in the frame of a wide variety of applications ranging from 

chemical analysis to separation and catalysis. Among the huge amount of different 

porous materials, nanoporous metals are one of the most interesting candidates 

because of their outstanding properties such as a high surface area, a large pore 

volume and a high accessibility for guest molecules, which have to diffuse into the 

internal matrix where catalytically active sites are located. In order to synthesize such 

materials, a templating approach, including hard and soft templating is typically used 
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to generate uniform porous structures, depending on the shape of the templates. In 

the present dissertation thesis, the elaboration of various porous metal electrodes via 

a soft templating approach and their potential applications in the field of 

enantioselective analysis, synthesis and separation are discussed. Several chiral 

imprinted metals such as platinum and nickel with a significantly increased internal 

electroactive surface area are studied. Subsequently, these chiral imprinted 

mesoporous metals can be used to improve the electrochemical performance with 

respect to several tasks, including electrochemical synthesis of chiral compounds, 

chiral separation and actuation, which are important for pharmaceutical applications. 

The first part of the present work is devoted to the elaboration of chiral imprinted metals 

for asymmetric synthesis. The prepared electrode surfaces show a surprisingly high 

selectivity in terms of chiral synthesis when they are combined with the concept of 

pulsed electrochemistry. The second part of the manuscript is dedicated to their use 

for the separation of racemic mixtures with the opportunity to fine-tune the separation 

efficiency by applying a potential to the metal matrix in order to adjust the electrostatic 

interactions between the chiral compounds and the designer surfaces. Under the most 

suitable conditions, complete baseline separation of both enantiomers can be 

observed. The third part of this thesis deals with chiral detection, for which a hybrid film 

of chiral imprinted Pt and polypyrrole is used as a selective actuator under bipolar 

electrochemical conditions. The synergistic properties of both materials, wireless 

actuation and chiral recognition, have been successfully combined for wireless chiral 

analysis.  

Apart from the design and application of chiral mesoporous metal films, the last 

chapter is dedicated to the elaboration of hierarchically structured metals containing 

macro- and mesoporous features, obtained by using simultaneously hard and soft 

templating approaches for electrocatalytic oxygen evolution in basic media. 

Multiporous nickel nanosheets were prepared via a two-step electrodeposition process 

in the presence of silica beads and surfactant as templates to control the macro- and 

mesoporous structure, respectively. The resulting synergistic effect of combined 

macroporous and mesoporous cavities allows fine tuning structural properties, 

electrocatalytic performance and stability for water splitting applications.  

In conclusion, our findings open interesting perspectives for development of 

new porous materials, which are of potential interest for various applications, such as 
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chiral analysis, asymmetric synthesis, chemical separation, as well as energy 

conversion and storage. 

Keywords : Molecular imprinting; Mesoporous metals; Chiral recognition; 

Enantioselectivity; Enantioaffinity; Hierarchical porosity; Electrocatalysis  

 

Université de Bordeaux 
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General Introduction 

The development of porous materials is one of the most fascinating 

research topics for a wide range of applications, such as chemical analysis, 

separation technologies and catalysis. According to the classification of porous 

materials defined by IUPAC, they can be divided into three main categories 

depending on their pore size (diameter, d) namely microporous (d < 2nm), 

mesoporous (2 nm < d < 50 nm), and macroporous structures (d > 50nm). A 

very large variety of synthetic methods have been explored to synthesize porous 

materials. However, the lack of precisely controllable structures, their 

sometimes poor physical and chemical properties and instability can constitute 

main drawbacks.[8] Among various porous materials, porous metals are very 

attractive, because they provide high surface area, large pore volume and high 

accessibility of guest molecules to catalytically active metal sites.[9] Porous 

metals have been used for a wide range of potential applications, for instance 

electronic devices, magnetic recording media and metal catalysis. As mentioned 

above, there are several levels of porous metals including microporous, 

mesoporous and macroporous matrices. Among them, microporous structures 

often suffer from mass transport limitations inside the porous structures. To 

overcome this limitation, meso- and macroporous metals have been 

increasingly investigated for the advanced design of surface structures. Details 

concerning the preparation of such materials are explained in the following. 

I. Design of mesoporous metals 

Mesoporous metals refer to porous materials with a pore size in the range 

from 2 to 50 nm. As highlighted by the increase of publication numbers referring 

to the design of mesoporous metals, ordered mesoporous structures play an 

important role for a wide range of applications, such as chemical adsorption,[10] 

membranes,[11] energy conversion,[12] energy storage,[13] and especially 

catalysis because of their excellent physical properties including large specific 
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surface areas, a well-defined porous structure at the nanoscale, and high 

stability.[3] Due to these remarkable benefits of a mesoporous framework, the 

preparation of mesoporous metals has been extensively developed over the 

past decades, aiming to explore new structures and fine-tune their performance.  

One of the popular approaches of mesoporous metal preparation is metal 

dealloying, which has been widely used to generate a mesoporous framework 

due to a simple manufacturing process.[14] In this case, many factors including 

the strategy for metal-removal (chemical and electrochemical leaching), 

operating temperature, concentration of solvent or supporting electrolyte and 

alloy composition, have been studied to control the structure of the final 

mesoporous metal. For example, in 2014 mesoporous Ni was successfully 

prepared via a one-step chemical/electrochemical dealloying of Ni combined 

with Mn using different conditions.[15] During the chemical dealloying process, 

the Ni30Mn70 alloy could be dissolved at room temperature in a weakly acidic 

solution. However, the dealloying process is very slow and a large amount of 

Mn still remains in the mesoporous alloy. In order to enhance the dissolution 

rate of Mn, the dealloying temperature was increased, resulting in the significant 

enhancement of the surface diffusivity of Ni adatoms and dissolution rate of Mn, 

and it subsequently promotes the formation of mesoporous Ni. However, the 

high dealloying temperatures also lead to the dissolution of Ni, resulting in a 

damage of the porous structures. Therefore, electrochemical dissolution was 

used as an alternative method for the selective dissolution of elements in 

bimetals by controlling the oxidation potential. In an electrochemical process, 

the applied potential can enhance the dissolution of Mn and interfacial diffusion 

of Ni for a rapid formation of mesoporous Ni. However, too high applied 

potentials can also lead to the dissolution of Ni, eventually resulting in the 

formation of cracked porous structures. Due to these intrinsic problems of the 

dealloying approach, a templating strategy can be used as an alternative 

strategy to generate mesoporous structures with a controllable pore diameter, 

structure and morphology. 
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Templating is used for generating bulk materials with the inverse 

structure of the original template. Generally, it can be divided into two major 

families: (i) soft template approach; (ii) hard template approach. Concerning the 

first one, amphiphilic molecules have been used to form a co-assembly of 

surfactant molecules and metal ions, leading to an ordered mesoporous 

structure after the removal of the template as shown in Figure i.ia. This method 

has become a general synthetic pathway for producing ordered mesoporous 

metals because the structure can be easily controlled by concentration, 

temperature and molecular structure of the template molecules.  

Concerning the hard-templating route, it is also known as “nanocasting”, 

which is another straightforward technique to obtain mesoporous structures. 

This technique is based on the use of solid templates, for instance carbon, 

anodic aluminium oxide and mesoporous silica nanoparticles (Figure i.ib) [16]. 

This approach has been used to prepare a wide range of materials, in particular 

highly crystalline and even single-crystal materials due to the resistance of the 

rigid template to high temperatures. The nanocasting pathway with hard 

templates opens up perspectives for the design of highly ordered porous 

materials with multifunctional composition, which are very difficult to obtain by a 

soft-templating approach 
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Figure i.i Synthetic approaches for generating mesoporous metals via a) soft-

templating and b) hard-templating. The image is adapted from Ref 

[17]. 

 

However, the hard-template approach is considered as a more complex, 

expensive and industrially unfeasible method. Therefore, in order to circumvent 

these limitations of hard-templating, soft templating is often preferable and plays 

an important role in preparing mesoporous metals. 

I.I Fundamentals of the soft templating approach 

A soft-templating approach usually employs amphiphilic molecules, 

composed of hydrophilic and hydrophobic domains, forming self-assembled 

structures like micelles or lyotropic liquid crystals. Theoretically, the 

characteristics of amphiphilic molecules depend on their critical micelle 

concentration (CMC), which directly relates to the concentration of amphiphilic 

molecules, operating temperature and type of surfactant.[18] When the 

concentration of surfactant is at the CMC or above, it allows the surfactant to 

form a micellar structure, and when further increasing the concentration of 

amphiphilic molecules, a lyotropic liquid crystal (LLC) can be obtained. For 

example, in the case of Brij 56, when increasing the surfactant concentration 

above the CMC, the self-assembly of the LLC mesostructures is changing 

continuously from a micellar solution (L1) through micellar cubic (I1), hexagonal 

(H1), bicontinuous cubic (V1), lamellar (Lα), to inverse micellar (L2) phases as 

illustrated in Figure i.ii. In addition, the operating temperature is one of the most 

important parameters to generate micelles, and the self-assembly of surfactant 

doesn’t occur if the temperature is below the Krafft point, because the surfactant 

can’t dissolve under these conditions.  
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Figure i.ii Phase diagram for binary systems (Brij56+water). Phase notation: S-

solid, L1-micellar solution, I1-micellar cubic phase, H1-hexagonal 

phase, V1-cubic phase, Lα-lamellar phase and L2-inverse micellar 

solution. The image is reproduced from Ref [19]. 

 

The last key factor is the type of surfactant, which is defined by the polar 

head group. The corresponding four categories are cationic, anionic, non-ionic 

and amphoteric surfactants. These three most important factors, concentration, 

temperature and type of surfactant need to be optimized in order to form a well-

defined mesoporous template. 

The formation of a micelle/liquid crystalline phase is classically achieved 

by one of the four following approaches: (i) cooperative assembly (CA), (ii) true 

liquid crystal templating (LCT), (iii) evaporation-induced self-assembly (EISA), 

and (iv) evaporation-mediated direct template (EDIT) as shown in Figure i.iii 

and i.v. Typically, the self-assembly of amphiphilic molecules is obtained by 

cooperative assembly (CA), which requires high temperatures to generate a 

micellar structure as shown in Figure i.iiia. In the first step, a cluster of self-

assembly is created via electrostatic interaction between the ionic surfactant 

and hydrolyzed sol-gel precursor.[20, 21] Subsequently, the assembled 

mesoporous structure is formed, and then hydrothermal synthesis is used to 

build the mesoporous material around the self-assembled mesostructures. After 

the template removal by washing or calcination, mesopores with a well-defined 
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structure are observed. However, it is essential that the interactions between 

the mesopore template and the matrix need to be considered, because if the 

mesoporous template is in the inappropriate condition, the precipitation of 

untemplated precursor may occur, or a disordered mesostructure can be 

formed.[20]  

In order to overcome the above-mentioned problem, LCT has been 

chosen as an alternative strategy to generate mesoporous structures due to the 

rigid lyotropic liquid crystal formed at high concentrations of surfactant. In 1995, 

Attard et al. reported the formation of mesoporous silicas using the LCT 

strategy.[22] The resulting mesostructure is truly replicating the original 

architecture of the LLC template. This implies that the phase diagram of the 

combination of surfactant, silica and water at high surfactant concentration is 

similar to the well-known phase diagram of surfactant and water. Figure i.iiib 

displays the mechanism of self-assembly of LCT. The mesoporous structure is 

obtained when the surfactant is added to a solution to form the liquid crystal.[20] 

After achievement of the porous structure of the surfactant, a porous material 

can be prepared by (electro)chemical or thermal treatment. However, to form a 

self-assembled lyotropic liquid crystalline phase, a high concentration of 

surfactant is required, resulting in high viscosity of the solution. Hence, this high 

viscosity leads eventually to improper crystal growth with an inhomogeneous 

surface due to mass transport limitations in the viscous solution. Nevertheless, 

the preparation of various mesoporous metals, for example, platinum, iridium 

and nickel, is compatible with this technique.[1] In order to improve the above-

mentioned limitation, true liquid crystal templating seems to be the most suitable 

approach for mesoporous metal and alloy synthesis.  
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Figure i.iii Mechanisms using soft templates to obtain mesoporous metals via 

cooperative assembly (top) and liquid crystal templating (bottom) 

taken form Ref. [23]. 

 

In 1997, Attard and co-workers were the first group demonstrating the 

preparation of mesoporous Pt microparticles from LLCs, which is considered as 

the first true mesoporous metal.[24] The LLC mixtures were prepared by 

dissolving hexachloroplatinic acid (IV) hydrate (H2PtCl6) in the presence of 

nonionic surfactant C16(EO)8 (EO=ethylene oxide). For Pt deposition, reducing 

agents were added to the LLCs. After the removal of the templates, mesoporous 

Pt microparticles with high surface areas were obtained. However, the 

uncontrollable reduction process may lead to a broad particle size distribution. 

However, platinum deposition can also be achieved by electrochemical 

reduction, for which a well-defined mesoporous structure can be observed by 

fine-tuning the potential.[1] The resulting mesoporous Pt films are mechanically 

robust, remarkably flat and shiny. Furthermore, mesoporous platinum films have 

a large active surface area with respect to commercial Pt black deposited from 

a conventional electroplating bath without adding any surfactants. With the 

electrochemical method, the thickness of the deposited films can be directly 

a) 

b) 
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controlled through the amount of deposited charge density during the reduction 

step. Moreover, the mesoporous channels are oriented in a perpendicular way 

with respect to the electrode surface. This is an important feature because such 

a pore configuration should increase the accessibility and enhance the 

efficiency of mass transport. The perpendicular orientation of the mesopores is 

driven by the electric field generated during the electrodeposition process and 

the polarity of the substrate. Therefore, the following aspects are important for 

the production of highly ordered mesoporous metals: (i) the stability of the 

mesophase in the presence of metal ions confined in the aqueous domain of 

the LLC (i.e., the formation of highly ordered LLCs); (ii) the reduction process of 

metal salts in the aqueous domain. 

I.II Development of mesoporous metals via the soft templating approach  

Due to the versatility of LLCs made from surfactants, soft templating is 

preferably used instead of a hard-templating. Since the discovery of 

mesoporous Pt particles and films in 1997, a lot of efforts have been devoted to 

an extension of this concept to other metals. For example, mesoporous Pd and 

Ru films have been generated by LLC-assisted electrodeposition.[25, 26] 

Moreover, alternative metals, which are earth-abundant, cheap and non-noble, 

such as Ni and Sn, have been also successfully obtained.[27, 28] The diameter 

of the mesopores and the template structure can be easily tuned by varying the 

molecular structure of the surfactant and by the addition of lipophilic substances. 

Other metal-based nanostructures, such as nanotubes, nanorods, 

nanosheets/plates, and nanoparticles, have been designed. For instance, the 

unique synthesis of Pt, Pd, and Ag nanotubes, with inner diameters of 3 to 4 nm 

and outer diameters of 6 to 7 nm, was demonstrated by chemical reduction of 

the corresponding metal salts in the presence of mixed LLCs of C12(EO)9 and 

Tween 60 (polyethylene glycol sorbitan monostearate) as shown in Scheme 

i.i.[29] 
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Scheme i.i Schematic illustration of the formation of platinum nanotubes 

prepared by various amphiphilic templating systems: A) Mixed 

C12EO9 and Tween 60; B) single C12EO9 surfactant forming 

cylindrical rod-like micelles; C) Possible pathway for the formation 

of metal nanotubes by the reduction of metals salts confined in the 

aqueous shell of mixed-surfactant cylindrical micelles. Image 

taken from Ref [29]. 

 

The deposition rate is one of the most important factors to control the 

structure of mesoporous metals. Recently, the formation of highly ordered 

mesoporous Ni particles by autocatalytic chemical deposition under controlled 

bath conditions was proposed.[30] When sodium borohydride (SBH) was used 

as a reducing agent, a large number of metallic nuclei were immediately formed, 

and a disordered mesoporous structure was obtained. This relates to the fact 

that the particle growth was probably insufficient to generate a hexagonal 

structure in the LLCs as demonstrated in Figure i.iv a) and c). On the other 

hand, when dimethylaminoborane (DMAB) was used as a reducing agent, the 

deposition speed was significantly lower (Figure i.iv b) and i.iv d)). The metal 
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deposition led to the formation of spherical Ni particles, eventually resulting in 

the formation of an ordered mesostructure. Hence, in an electroless deposition 

system, the deposition rate can be controlled by the nature of the reducing 

agents. Similarly, for the electrochemical deposition, a slow deposition, 

controlled by a suitable potential is more appropriate. Attard and co-workers 

demonstrated the effect of the deposition rate on the order of the mesoporous 

structure. Mesoporous Pt films were deposited in the potential range from +0.1 

to -0.3 V (vs. saturated calomel electrode, SCE). When Pt films were generated 

at a potential of -0.1 V versus SCE, their XRD patterns exhibited a sharp 

diffraction peak, corresponding to a periodic distance of 5.3 nm. However, for 

more negative deposition potentials the order of the mesoporous structure is 

gradually lost due to the fast deposition rate. 

Figure i.iv Illustration of the surface morphology and mesoporous structure of 

Ni particles prepared using a) and c) sodium borohydride (SBH); b) 

and d) dimethylamineborane (DMAB). Images taken from Ref [30] 
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Apart from the deposition rate, which can control the mesoporous 

structure, the stability of the mesoporous framework is also an important point 

to be considered. All mesoporous metals except noble metals (e.g., Pt, Ru, and 

Au) are easily oxidized in oxygen atmosphere. For example, the surface of 

mesoporous Ni, prepared by electroless deposition, is easily oxidized in air, and 

therefore a reorganization of the metal atoms is observed. In order to prevent 

this effect, dehydrated solvents such as ethanol should be used during the 

removal of the templates. Therefore, the whole experimental procedure should 

be carried out under inert atmosphere to retain highly ordered mesoporous 

structures. Moreover, the thermal stability of mesoporous metals is quite low 

due to the mesoporous framework. In the case of Pt particles, when samples 

were irradiated by an electron beam for more than 10 min, metal crystals 

gradually grew, resulting in destroying the ordered mesoporous structures and 

formation of an aggregation of bulk metal. Therefore, during TEM observations, 

the power of the electron beam, which also produces a lot of heat, should be 

carefully considered. 

The development of mesoporous alloy structures is also interesting for 

the advanced design of mesoporous materials. To date, there have been a few 

reports on the formation of mesoporous alloys, such as Pt/Pd,[31] Pt/Ni,[32] 

Ni/Co,[33] Pt/Ru,[34] and Te/Cd,[35] by the co-reduction of two metal species 

in the presence of LLCs. By simply controlling the bath conditions, the 

composition of the mesoporous framework can be varied. The excellent control 

of the composition of the framework is of considerable importance in terms of 

the design of functional mesoporous alloys. In the cases of mesoporous Pt/Pd, 

Te/Cd, and Ni/ Co, a phase separation of the bimetallic composition is observed 

at the pore wall. In contrast, the pore walls of mesoporous Pt/Ru and Pt/Ni are 

in a binary intermetallic state with a uniform dispersion of the constituting metals. 

A deeper understanding of the alloy composition at the pore wall is of 

considerable importance for the application of mesoporous alloys. It also 

provides new insights into the role of bath composition with respect to the grain 

growth of alloys in the restricted space of LLCs. 
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Although the use of LLCs is important for the production of mesoporous 

metal films and particles, the approach still suffers from some drawbacks 

because the LLCs method cannot uniformly generate a self-assembled 

structure on the micrometer scale due to the long non-polar tail of amphiphilic 

molecules. Recently, Yamauchi et al. proposed a convenient and novel 

pathway, namely evaporation-mediated direct templating (EDIT), for the 

fabrication of mesoporous metals in a confined area. The EDIT process involves 

the following two basic steps: i) the formation of the LLC template by solvent 

evaporation; (ii) the reduction of the metal species in the presence of the LLC. 

For example, the successful deposition of highly ordered mesoporous Pt inside 

a conducting micrometer sized channel was successfully reported.[36] A LLC 

precursor solution was prepared by mixing distilled water, surfactant, Pt species, 

and ethanol as a volatile solvent. The precursor solution was a homogeneous 

yellow solution with low viscosity. At this stage, the viscosity of the precursor 

solution became low with respect to that of general LLC template mixtures used 

in the previous system. Therefore, the precursor solution can be introduced 

efficiently into the microchannel channels due to capillary force. After the volatile 

solvent was perfectly evaporated, the LLCs including the Pt complexes, was 

formed entirely inside the microchannel. As a consequence, mesostructured Pt 

can be deposited only inside the channels. The use of lithography techniques 

allows a selective deposition of mesoporous Pt even only in a particular channel. 

Moreover, well-ordered Pt thin films with a macro–meso bimodal pore system 

were prepared by combining the EDIT method with a colloidal crystal-template 

process.[37]  

However, the EDIT process is fundamentally different from the 

conventional evaporation-induced self-assembly (EISA) method employed for 

the formation of mesoporous films (e.g., silica). Evaporation-induced self-

assembly (EISA) is based on the solvent evaporation generating a self-

assembly of surfactant as shown in Figure i.v. The solution of EISA is 

composed of a volatile solvent, a precursor and surfactant, and subsequently 

the solution is evaporated in order to increase the concentration of surfactant 

until reaching or being above CMC to form the lyotropic liquid crystalline phase. 
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The stage at which surfactant starts forming the micelle structure, is called 

“tunable steady stage”. If the solution is continuously evaporated, the liquid 

crystalline structure will finally “lock-in” as the final feature. Therefore, the 

structure of the surfactant state can be tuned by controlling the evaporation rate 

of a volatile solvent, which needs to be slow because a too fast evaporation may 

create a disordered mesoporous structure or the precipitation of unwanted 

solid.[20] 

Figure i.v Schematic illustration of the formation steps of evaporation-induced 

self-assembly. The image is taken from Ref. [23] 

 

In the EDIT system, a homogeneous precursor solution is initially 

prepared, and then preferential evaporation of ethanol accelerates the formation 

of LLC mesophases. During LLC formation, no reactions occur among metal 

species and it is reasonable to assume that these species are stabilized in the 

aqueous LLC domain. In contrast, in the EISA system, the polymerization of 

inorganic species occurs simultaneously during solvent evaporation, thus 

varying interactions between the inorganic species and surfactants are 

inevitable. Therefore, several types of phase transformation of mesoporous 

structures have often been observed in the films, depending on the experimental 

conditions. In the EDIT system, the final LLC mesophases after preferential 

evaporation of ethanol can be directly predicted by a phase diagram of ternary 

composition including surfactant, water and metal species, irrespective of the 

amount of ethanol. In the direct-template approach of LLCs, it is possible to 
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predict the final structures after metal deposition obtained from the original LLC 

mesophases. The LLC mesophases act as true templates, and thus, the final 

material is formed following the direct-template process induced by the LLC 

formed during solvent evaporation. Consequently, the EDIT system is quite 

different from the conventional EISA system. This concept has also been 

applied for the synthesis of mesoporous carbon materials obtained from soluble 

phenolic resin and triblock copolymers. The self-assembly of triblock 

copolymers is induced by solvent evaporation. At this stage, the triblock 

copolymers are assembled together with phenolic resin, and condensation of 

the latter does not occur. The polymerization is carried out in a subsequent 

thermopolymerization process.[38] 

 

I.III Chiral imprinted mesoporous metals 

Although there are several approaches, including cooperative assembly 

(CA), liquid crystal templating (LCT), evaporation-induced self-assembly (EISA) 

and evaporation- mediated direct templating (EDIT), widely used to generate 

the LLC phases, LCT has been one of the most popular methods to prepare 

mesoporous metal films due to its simplicity. Recently, mesoporous metals 

prepared by LCT have been widely used for many potential applications, for 

instance, catalysis, electrocatalysis, energy conversion and energy storage. 

One of the most promising applications is using mesoporous metals as 

electrocatalysts for pharmaceutical applications by encoding molecular 

information in the mesoporous metal matrices. Recently, chiral imprinted 

mesoporous metal surfaces were proposed by combining the self-assembly of 

amphiphilic molecules together with molecular chiral structures.[2] The 

mesoporous structure could be retained, even in the presence of chiral 

molecules in the plating solution. The mechanism of the self-assembly of 

polyethylene (10) cetyl ether (Brij C10) is represented in Figure i.vi. It was found 

that the chiral imprinted mesoporous platinum films preferentially react with the 

initially imprinted chiral template molecule, whereas the reactivity was 

significantly lower for the opposite enantiomer. The high enantioaffinity might 

originate from the synergy between the high electroactive surface and the 
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enantioselectivity of the imprinted sites. This fascinating material can be used 

for various applications. For example, mesoporous platinum imprinted with 

mandelic acid (MA) was used as electrode for the chiral discrimination of 3,4-

dihydroxyphenylalanine (DOPA). Interestingly, mesoporous platinum imprinted 

with R-MA preferentially reacts with L-DOPA and an analogous behavior has 

been observed when using electrodes imprinted with S-MA, which preferably 

convert D-DOPA. This confirmed the presence of chiral information in the 

encoded metal matrices, opening interesting perspectives for pharmaceutical 

applications. [39] Moreover, the footprints mimicking the chiral molecular 

structure can be used for enantioselective synthesis. Yutthalekha and co-

workers reported the use of such designer materials for the enantioselective 

synthesis of MA by using MA imprinted mesoporous platinum.[3] Remarkably, 

under the most suitable conditions, the enantiomeric excess can reach 20 %ee. 
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Figure i.vi Preparation scheme of chiral imprinted mesoporous platinum on a 

gold substrate. a) self-assembly of a lyotropic liquid crystal and 

chiral templates, b) electrodeposition of platinum covering the 

lyotropic liquid crystal and chiral molecules, c) obtained final chiral 

cavities after template and surfactant removal, taken from [2].  

 

II. Design of macroporous metals 

Apart from mesoporous metals, highly ordered macroporous metals have 

also played an important role in materials design over the past decades due to 

the good accessibility of the macroporous framework. Macroporous metals can’t 

be prepared via soft templating because the LLC phases have lattice 

parameters in the range of 2–15 nm. Therefore, an alternative way with 
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complementary performance has been developed, namely the concept of hard 

templating. 

 

II.I Fundamentals of the hard templating approach 

Hard-templating is a powerful method that accurately replicates in the 

new material the inverse morphology of the template, which is the so-called 

“mold”. Porous materials at the nano- and micro-scale, are perfectly formed 

around the mold. For the hard templates, two crucial points need to be 

considered:[40] one is whether the mold can retain its ordered structure during 

the material synthesis; the second is whether the mold can be easily removed 

without destroying the replicated structure. In general, the procedure for 

synthesizing macroporous metals via the hard templating method is divided into 

four main steps: (i), the preparation of a precursor solution with suitable 

interactions between the precursor molecules and the mold surface; (ii) the 

precursor filling (Figure i.vii left) or coating (Figure i.vii right) by soaking in the 

precursor solution; (iii) the materials formation by chemical, electrochemical or 

thermal treatment; (iv) the removal of the template by chemical etching.[41-44] 

It is important to note that a suitable strategy for template removal is mandatory 

to avoid destroying the porous structure of the synthesized materials.  

Figure i.vii Preparation scheme of porous materials via hard templating; taken 

from [23].  

 

For the synthesis of macroporous materials via hard templating, various 

types of molds have been used, for example powders,[45] films,[46] fibers[47] 

and monolithic objects.[48] The hard template is universally classified into two 

different types; (i) in-situ templates and (ii) discrete particles. In-situ templates 

are generated by fine-tuning physical and chemical properties of templates, for 
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example salts,[49] carbon[50] and ice crystals.[51] A too high content of 

template during the synthesis process can lead to fragile or closed porous 

structures.[52] Therefore, discrete particles are often used for various 

applications due to their controllable structure and facile template removal. For 

example, anodic aluminum oxide (AAO),[46] polymer,[53] and silica spheres[45] 

are commercially used as molds for generating highly ordered porous 

structures. Polymer bead templates are prepared with various compositions to 

control the porous structure and particle distribution, however, polymer 

templates can easily decompose by dissolution in an organic solvent, and 

polymer templates often suffer from their soft structure, resulting in a destruction 

of the porous cavities due to swelling and shrinking phenomena.[17, 48] 

Therefore, rigid hard templates are often more advantageous. Carbon templates 

are wildly used on a commercial scale due to several advantages, such as being 

cheap materials and a facile preparation procedure.[48] Silica is also a common 

material for hard templating due to its advantageous properties, such as 

robustness, tunable particle size, easily controllable morphologies and high 

stability under heat treatment. The synthesis of porous materials via a hard 

template approach opens up perspectives for the design of highly ordered 

porous materials with complex structures, which cannot be generated by using 

a conventional approach. 

Typically, in order to prepare macroporous metals, uniform template films 

have been successfully coated on the substrate by a slow evaporation 

technique. The slow evaporation method relates to the sedimentation of 

spherical materials in a closed chamber, and subsequently the template 

particles will settle onto the substrate. After water is slowly evaporated over a 

period of 3-4 days, this allows the formation of close-packed templates. In 2003, 

Bartlett and co-workers have successfully synthesized two- and three-

dimensional macroporous metals by this slow evaporation technique including 

Co, Fe, Ni and NiFe and studied their magnetic property compared to compact 

metals.[54]. The magnetic properties of macroporous films show an important 

coercivity enhancement compared to flat metal films. However, the 

disadvantages of the slow evaporation technique are a long operation time, as 
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well as uncontrollable thickness and homogeneity. To overcome these 

drawbacks, the Langmuir-Blodgett technique has been proposed as an 

alternative strategy to obtain highly uniform macroporous structures.  

 

II.II Langmuir-Blodgett technique  

The Langmuir-Blodgett (LB) technique is originally a powerful tool for 

preparing carefully controlled structures of organized molecular assemblies. 

Theoretically, the LB method offers the possibility to obtain highly ordered, well 

defined and controlled layer-by-layer deposition.[55] Generally, amphiphilic 

molecules, composed of two parts including hydrophilic and hydrophobic 

portions, have been used to modify the substrate surface (Figure i.viii a). Water 

insoluble amphiphilic molecules form a floating monolayer at the air-water 

interface as shown in Figure i.viii b. Subsequently, the floating layer is 

compressed to generate a homogeneous film by following the surface pressure 

at the water interface (Figure i.viii c). Finally, the Langmuir film can be 

transferred onto a solid substrate to create mono or multilayer LB films as shown 

in Figure i.viii d. A completely analogous concept can be used to transfer 

organized layers of amphiphilic particles instead of molecules. For instance, in 

2011, Reculusa et al. have successfully prepared a macroporous gold electrode 

with a well-defined pore size and tunable thickness via the LB technique for 

electrocatalytic O2 reduction. It was found that the electrocatalytic performance 

significantly improves compared to a flat electrode.[41, 56] The macroporous 

gold electrode exhibited outstanding properties, such as robustness, good 

mechanical stability and a high electroactive surface area, continuously 

increasing with the number of deposited layers. In another example, 

macroporous antimony electrodes were used for the detection of trace amounts 

of heavy metals.[57] Such electrodes allow a highly sensitive analysis of Cd(II) 

and Pb(II). Despite the good accessibility of the macroporous framework, the 

electroactive surface area is theoretically smaller compared to meso- and 

microporous electrodes with the same thickness. Therefore, in order to combine 

the advantages of the individual porosities, multiporous or hierarchical porous 

electrodes have been extensively studied and are also a focus of this thesis. 
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Figurei.viii. Illustration of substrate coating via the Langmuir-Blodgett (LB) 

technique: (a) molecular structure of an amphiphilic molecule, (b) 

LB film preparation, (c) surface pressure of LB film during 

compression and (d) multilayer coating of a substrate. The images 

are taken from Ref [55]. 

 

III. Multiporous metals 

As already mentioned, using materials with a single type of pores can 

have some drawbacks and therefore alternative strategies have been proposed 

to circumvent these problems. Among them, the combination of various ranges 

of pore sizes to generate hierarchical porous materials is one of the most 

promising strategies. Hierarchical porous metals can be composed of dual 

porosities (micro-mesopores, micro-macropores and meso-macropores) or 

show multiple porosity (micro-meso-macropores). The simplest approach to 

obtain hierarchical porous metal is dealloying of bimetallic or trimetallic 

materials. Typically, electrochemical or chemical dealloying is used to obtain 
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porous structures. The selective dissolution of metals in alloys can be tuned due 

to their different standard redox potentials and chemical properties. For 

example, Qi and coworkers demonstrated an improved electrocatalytic 

performance and stability of hierarchical porous Cu and porous bimetallic Cu-Ti 

for hydrogen evolution reaction.[58] The electrocatalyst was prepared using 

three different components including Al, Cu and Ti. The three metals were 

combined via arc melting, and subsequently a spinning technique was used to 

remelt the alloy and rapidly quench it on a spinning metal roller. In order to 

generate hierarchical porous Cu, the trimetallic mixture was treated in a two-

step dealloying process, by using basic and acid media. The additional porous 

framework (Figure i.ix) exhibits high electroactive surface area, leading to high 

electrocatalytic performance for hydrogen evolution in terms of activity, 

selectivity and stability. 

 

Figure i.ix SEM characterization of multiporous Cu after selective dealloying: 

(a) SEM image with 1 µm scale bar and (b) high magnification SEM 

image with 200 nm scale bar. The images were taken from Ref [58]. 

 

However, dealloying produces unordered multiporous structures with 

less control over the final morphology. Thus, the templating approach is an 

important alternative to prepare hierarchical porous metals. Figure i.x 

represents the general synthesis scheme of multiporous materials prepared by 

combining hard templating and soft templating approaches. However, when 

combining soft and hard templating, some additional steps are necessary. For 

a) b) 



22 

 

instance, when the evaporation-induced self-assembly is used for generating 

the soft template, solvent must be allowed to evaporate after infiltration into the 

macroporous template in order to generate the liquid crystalline phase. 

Furthermore, the self-assembly of soft template can be perturbed if the hard 

template is at the nano-scale, leading to different liquid crystalline structures. 

Various hard templates including biological samples, three-dimensionally 

ordered macroporous (3DOM) structures, porous foams, AAO membranes, and 

colloidal crystals have been widely used for forming hierarchical porous 

materials combined with a soft template. For example, multiporous TiO2 was 

successfully prepared by using 3DOM as a mold, and pluronic P123 as a soft 

template.[59] Two different confinement effects were observed during the 

preparation process. First, the 3DOM template prohibited shrinking of the 

lyotropic liquid crystal, resulting in a larger mesopore diameter compared to 

normal flat TiO2 as a substrate. Second, the orientation of the cubic mesoporous 

network changed from a mesoporous structure to a macroporous 

framework.[59] Porous foams are another option which can provide large 

interpore connections of up to 100 µm. Hierarchical 3DOM obtained from 

polyurethane (PU) and P123 was also used as multiporous template for the 

regrowth of bone tissue.[60] However, 3DOM and porous foam require too many 

preparation steps to generate highly-ordered porous molds. Therefore, a 

multiporous templating approach by using colloidal crystal templates is an 

interesting alternative method due to controllable pore size, good inter-

macropore connection and a highly ordered macroporous network. 
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Figure i.x Illustration of hierarchical porous material preparation based on a 

combination of hard and soft templating methods, taken from Ref [23]. 

  

As mentioned above, the combination of micelles/lyotropic liquid crystals 

and silica beads is one of the simplest methods to create highly ordered 

multiporous metal, especially when using the LB technique for preparing the 

solid macroporous template. For example, Heim and coworkers reported the 

elaboration of an electrode with decorated macropores and mesopores for 

methanol oxidation and compared their efficiency with structures having a single 

porosity or a flat platinum electrode as shown in Figure i.xi.[42] The colloidal 

crystal template was established by using the LB technique. Sodium dodecyl 

sulfate (SDS) self-assembled under the influence of the potential applied during 

electrodeposition in order to generate the mesoporous structure. After template 

removal, highly ordered porous Pt electrodes were obtained. Interestingly, the 

electrocatalytic reaction with hierarchical porous platinum was very significantly 

improved after integrating multiporous functions with respect to flat electrodes. 

This confirmed the synergistic effect of a combination of mesopores and 

macropores.  
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Figure i.xi Illustration of preparation steps of multiporous Pt electrodes obtained 

by combining hard and soft templating approaches, taken from [42].  

 

All these promising previous results from the literature gave us a strong 

motivation to design, synthesize, characterize and use advanced porous 

materials for various potential applications. For the synthesis procedures, we 

focused on using both soft and hard templating approaches. Therefore, the 

objective of this thesis is to design and study the activity, selectivity and stability 

of various porous materials compared to typical flat matrices. Various materials 

and their applications have been investigated according to the following order: 

Chapter 1 deals with the enantioselective synthesis of chiral compounds 

by using a molecular imprinting approach combining chiral information with 

mesoporous structures in metal matrices. To improve the efficiency of 
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enantioselective synthesis, the electrodes with chiral features are combined with 

pulsed electrochemistry to optimize the enantiomeric excess. Moreover, this 

chapter also focuses on non-noble, and earth-abundant metals to minimize the 

costs of the preparation. When using pulsed electrochemistry, the enantiomeric 

excess could be enhanced very significantly for both noble and non-noble 

metals. 

Chapter 2 describes the fine tuning of the enantioaffinity of a chiral metal 

phase. With a suitable applied potential, a racemic solution can be completely 

separated inside a microfluidic channel when using chiral encoded mesoporous 

platinum as a stationary phase.  

Chapter 3 presents the preparation of hybrid imprinted platinum-

polypyrrole films as enantioselective actuators for the detection of mandelic acid 

enantiomers in the presence of an electric field. Under suitable conditions, the 

free-standing hybrid film shows more pronounced actuation in the presence of 

the “right” enantiomer compared to “wrong” configuration. 

Chapter 4 illustrates the benefits of combining hard and soft templating 

methods to generate hierarchical meso-macroporous structures for the 

electrocatalytic oxygen evolution in basic media on a nickel electrode. The 

electrocatalytic performance and stability of the multiporous electrode was 

improved due to the synergy of both types of porosity. 

Chapter 5 presents the conclusions and proposes perspectives with 

respect to four topics: (i) chiral imprinted metals for chiral synthesis; (ii) 

enantioseparation with chiral encoded metal phases; (iii) hybrid chiral imprinted 

platinum-polypyrrole; and (iv) multiporous electrodes for electrocatalytic 

applications.



Chapter 1 

Highly enantioselective synthesis of chiral compounds 

on chiral encoded mesoporous metals surfaces 

1.1  Introduction 

Rational design and engineering of chiral surface properties has 

been one of the most fascinating topics in the modern chemical 

community to obtain enantiomerically pure compounds (EPC),[61, 62] 

owing to its significance in various fields ranging from surface science[63, 

64] and materials engineering,[65] to molecular discrimination[2, 3, 39] 

and catalysis[66]. Until now, although there have been several strategies 

to obtain a pure single enantiomer, including asymmetric synthesis, 

crystallization and separation,[2, 3, 6, 67, 68] enantioselective synthesis 

is one of the most promising approaches due to its controllable and 

tuneable features which allow minimizing the formation of unwanted chiral 

compounds.[2, 3, 69-71] Ideally, enantioselective synthesis can perfectly 

produce one configuration of a chiral compound with very high purity, 

however, under real conditions, both enantiomers are produced with one 

being predominant. In recent decades, asymmetric synthesis has been 

widely studied with many kinds of chiral surfaces, obtained by molecular 

adsorption on metal surfaces, asymmetric binding or grafting on a metal 

surface, cutting single crystals along high Miller index planes, distortion of 

metal surfaces and molecular imprinting of metals.  

Molecular adsorption on metal surfaces is the process where molecules 

are immobilized on metal surfaces. The most interesting feature of this strategy 

is that the asymmetric surface is easily generated by physical adsorption of 

chiral molecules on metal surfaces. Over the past decades, two heterogeneous 

catalysts for enantioselective synthesis via hydrogenation of α-keto esters on Pt 

catalyst and β-keto esters on supported Ni have received attention.[72, 73] 
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Interestingly, the highest chiral induction was obtained for the samples which 

were modified by chiral molecules compared to non-modified metal surfaces. 

For example, cinchona alkaloid was the most suitable molecular adsorbent on 

Pt surfaces,[72] while α-hydroxy acids and α-amino acids were widely used for 

modifying Ni surfaces,[73] even though it was not completely clear how the 

modifiers induce chirality at achiral surfaces.  

The adsorption mechanism and behavior of molecularly modified metal 

surfaces was studied by using R,R tartaric acid as a modifier on 2-dimensionally 

anisotropic Cu (110).[74] R,R tartaric acid is a chemically versatile molecule, 

existing in three different forms: the neutral bi-acid form, the monotartrate and 

the bitartrate form which are a well-known modifiers for the enantioselective 

transformation of methyl acetoacetate to R-hydroxybutyrate.[75, 76] The effect 

of temperature and coverage on the configuration of surface molecules was 

investigated and allowed the establishment of an adsorption phase diagram on 

Cu (110), as illustrated in Figure 1.1. The presence of functional groups of R,R 

tartaric acid on Cu (110) was confirmed by using in-situ Fourier transform 

reflection-absorption infrared spectroscopy (FT-RAIRS). At a very low 

adsorption temperature (83K), there was no change in the FT-RAIRS spectrum 

as a function of increasing coverage time, implying that R,R tartaric acid has a 

complex H-bonded crystalline structure, which could be formed via 

intermolecular hydrogen bonds between two acid groups. At 300K, the neutral 

bi-acid form and the monotartrate was observed on the Cu (110) surface, and 

subsequently the monotartrate was homogeneously adsorbed on the Cu 

surface after long exposure time. Two adsorbed species were observed by 

varying the coverage at 350 K. Monotartrate species are adsorbed on the Cu 

surface in the beginning and slowly change with time to bitartrate. When 

increasing the temperature above 405 K, the modifier was solely in the bitartrate 

form. These results allow elucidating the molecular mechanism of the interaction 

between the adsorbent and the metal surface, which is responsible for the chiral 

features of the asymmetric surfaces. However, the weak interactions between 

modifier and metal surface can lead to a loss of chiral information, and therefore 

the interactions between both elements need to be improved. Thus, the trend of 
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the development of asymmetric catalysts has moved towards using chiral metal 

complexes, as well as covalent binding and grafting approaches. 

Figure 1.1 Adsorption phase diagram of R,R tartaric acid on 2-dimensionally 

anisotropic Cu(110) surfaces as a function of temperature and 

coverage. Taken from Ref [74]. 

 

Chiral metal complexes are the most interesting homogeneous catalysts, 

which have been widely used for asymmetric chemical transformation, including 

C-C bond formation with high efficiency and selectivity.[77] However, the 

application of these homogeneous catalysts is still limited when using them in 

large-scale industrial processes, due to the difficult catalytic removal from the 

reaction mixture.[78, 79] To overcome these drawbacks, large-scale synthesis 

normally requires heterogeneous catalysts, having several advantages such as 

easy catalyst removal, low cost, less metal impurities and a more 

straightforward scale-up including continuous flow systems.[80] One of the most 

common ways to improve chiral metal complexes is changing from 

homogeneous catalytic systems to a heterogeneous phase by binding or 

grafting of chiral ligands on inorganic support or metal surfaces.[81] Although 

this strategy has been extensively applied for several reactions, it often suffers 

from some limitations, for instance metal leaching, instability of the chiral ligand, 

fast deactivation and a complicated preparation process.  
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In order to solve the above-mentioned limitations, chiral molecules 

immobilized on metal nanoparticle surfaces have been developed because of 

promising advantages, for instance a large surface area, good activity and high 

selectivity towards the desired products.[82] Chiral nanoparticles have been 

successfully synthesized by combining chiral ligands and metal nanoparticles 

or by using chiral ligand-stabilized metal nanoparticles. The concept was first 

proposed in 1956 by using ligand-modified Pd as a catalyst for 

hydrogenation.[83] Furthermore, Orito and co-workers studied enantioselective 

hydrogenation of methyl pyruvate and methyl benzoylformate by using 

cinchonidine-modified Pt on carbon in 1979, as shown in Figure 1.2.[84] 

Although the first Orito-type reaction was reported more than 40 years ago, it is 

still an important topic of investigation because of its significance for the 

synthesis of intermediates of medical relevance. As a consequence, other types 

of chiral nanoparticle (NPs) catalysts have been studied, including nickel-boride 

NPs,[85] Pd NPs,[86] Ru NPs,[87] Ir NPs,[88] Rh NPs[89] and Fe NPs for 

asymmetric hydrogenation reactions.[90]  

Figure 1.2 Orito-type reactions, taken from Ref [91]. 

 

However, some mechanisms of nanoparticle catalysis are also related to 

homogeneous catalysis due to partial metal dissolution which was observed 

during the catalytic processes, indicating that the active species is not simply a 

molecular metal complex. Even though the real structure of chiral ligand-
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stabilized metal nanoparticles is still not clarified, several studies suggest that a 

redox event between reagent and nanoparticles might be the key factor to 

initiate nanoparticle catalysis. 

Apart from the examples mentioned above using binding or grafting of 

chiral ligands, another way to develop enantioselective metal surfaces is by 

creating a really asymmetric metal environment by controlling the arrangement 

of kinks, steps and terraces of the metals. Kink sites on single crystal metal 

surfaces exhibit an asymmetric environment when the step length or faces at 

the outer surface are unequal. Therefore, it is possible to synthesize a single 

crystal with intrinsic handedness. Generally, in order to prepare asymmetric kink 

sites on a single-crystal metal, surfaces are cut under ultrahigh vacuum. The 

first study was reported by Gellman et al. in 1996.[92] Asymmetric Ag single 

crystals were prepared with both surface configurations; a Ag(643)R surface and 

a Ag(643)S surface, which are enantiomeric configurations of each other. The 

different configurations of the single crystal surfaces were investigated by 

desorption kinetics of (R)- and (S)-butanol. Unfortunately, the difference of 

desorption energy of chiral butanol on Ag(643)R and Ag(643)S is less than 0.1 

kcal/mol. In order to better understand the difference in recognition behavior of 

two enantiomeric metal surfaces, Attard et al. studied the effect of an 

asymmetric Pt environment on D- and L-glucose oxidation. In comparison, 

Pt(531) exhibited a high diastereomeric excess of about 80%, as shown in 

Figure 1.3a whereas only 60% diastereomeric excess was observed in the case 

of Pt(643), as represented in Figure 1.3b.[93] This experiment is the first proof-

of-concept that cutting metals allows discrimination of enantiomeric compounds. 

However, although the above-mentioned approach can be used to generate an 

asymmetric environment for chiral applications, the complex preparation and 
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uncontrollable number of active sites are quite limiting factors for practical 

applications.[93] 

Figure 1.3 a) Ball model of a) fcc(531) and fcc(463), taken from Ref [94]. 

 

Apart from cutting high Miller index metal surfaces, asymmetric metals 

can be naturally generated by reorganization or distortion of the metal 

structures. Recently, extensive studies of the geometric structure and properties 

of bare gold have shown quite unique structures with fascinating properties. For 

instance, gold clusters with a small size like Aun (n<6) exhibit several low-energy 

configurations as shown in Figure 1.4.[95] In the intermediate size range (n=12-

55), there are many topological low-symmetry configurations, in which the 

energy of the disordered configuration is between or below the lowest-energy 

configurations.[96] In this case, the distortion of the Au cluster structure depends 

on whether the reorganized structure allows to lower the cluster energy. In order 

to study the passivation of gold in thiol solution, methylthiol was used as a 

distortion agent. The structure of the Au cluster was distorted by introducing a 

strong covalent bond in the metallic cluster core.[97] Although these strategies 

present the advantage of a high surface area of the metal clusters and a facile 

synthesis, the structures and specific interactions between distortion agent and 

metal are limited.  
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Figure 1.4 Structure prediction of Au5 with various possible configurations, 

depicted from Ref [95]. 

 

Molecular imprinting techniques (MIT) are an alternative approach for 

designing heterogeneous catalysts, naturally mimicking chiral molecular 

structures by an inverse replication. Various types of molecular imprinted 

materials have been successfully obtained over the past decades with a 

precisely controlled shape and structure inside the imprinted matter, for example 

by molecular imprinting on silica beads,[98] molecular imprinting polymers 

(MIPs) [99-102] and bio-imprinted materials.[103] The concept of this approach 

is based on an imprinting antigen (imprinted molecules), which is used for 

creating the chiral information in the imprinted materials. The preparation 

procedure starts from a solution containing a mixture of the chiral templates and 

material precursors, and subsequently, the matrix is grown to cover the 

imprinting agent, establishing a chiral cavity inside the prepared material. In 

MITs, MIPs have been widely used in various applications owing to many 

advantages including a simple and inexpensive preparation as well as high 

mechanical, heat and pressure resistance.[104] Currently, the approaches for 

the synthesis of MIPs are divided into two methods, namely the covalent 

approach and the non-covalent approach. The covalent method relates to the 
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generation of a chiral environment using the imprinting antigen, which is 

covalently bound to a monomer before polymerization and after the polymer has 

been grown around the chiral template, the covalent bond between imprinted 

antigen and the polymer is cleaved at the functional binding site. Typically, 

functional groups of molecular templates are aldehyde, alcohol, ketone, amine 

and carboxylic groups, which can be activated for establishing covalent bonds. 

The advantage of this approach is that the functional group of the monomer is 

precisely controlled by the specific binding to the template molecule, eventually 

retaining the structure of the imprinting antigen. The complementary non-

covalent method is very similar, however non-covalent forces, such as H-

bonding, dipole-dipole interactions and ion-pairing, are predominant. MIPs 

obtained via both molecular imprinting techniques display high physical 

(mechanical stress, high pressure and severe temperatures) and chemical 

resistance. However, the removal of the template is difficult due to the closed 

structure. Moreover, the closed chiral cavity doesn’t allow reactants to access 

the chiral selective site for the asymmetric recognition and synthesis.  

It is well-known that the integration of mesoporous structures into 

bulk materials induces outstanding properties, especially a very high 

active surface area.[1, 105] To synthesize mesoporous metals, there are 

two efficient approaches, including hard and soft templating methods.[41, 

106, 107] However, for meso-scale structures the soft templating 

approach is a much more promising strategy due to a facile preparation 

and easy removal of the mesoporogen. Mesoporous platinum, 

synthesized using a direct-template method, was first proposed by using 

the non-ionic surfactant Brij C10 to generate a lyotropic liquid crystal (LLC) 

in the presence of platinum salts.[108] After electrodeposition of platinum 

and surfactant removal, mesoporous Pt with a high electroactive surface 

area was obtained. This approach allows creating novel metal structures 

with a mesoporous framework. Furthermore, many researchers have paid 

great attention to extend the scope of designing such mesoporous metals 

by varying the chemical composition in terms of metal salts. For example, 

mesoporous Pd and Ru have been generated by LLC-assisted 
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electrodeposition.[25, 26] Moreover, alternative metals, which are earth-

abundant, cheap and non-noble, such as Ni and Sn, have been also 

successfully prepared.[27, 28] Because of the fascinating nanostructure 

of mesoporous metals and a high electrocatalytic surface area, they allow 

various applications, especially in the frame of electrochemical 

conversion.  

Creating chiral imprinted mesoporous metal is an alternative challenge 

in molecular imprinting technology, which exhibits the remarkable benefit of 

precisely mimicking the cavities of an imprinted antigen. Recently, chiral 

imprinted mesoporous platinum has been successfully electrodeposited by 

combining chiral cavities and a mesoporous structure in bulk platinum.[2] The 

schematic preparation procedure is shown in Figure 1.5. The first step is the 

self-assembly of surfactant at a concentration allowing the formation of a 

lyotropic liquid crystal in the hexagonal phase (H1), leading to non-covalent 

interactions between chiral templates and the lyotropic liquid crystals. 

Interestingly, after electrodeposition of the metal, the chiral information is 

retained even once surfactant and template are removed. The chiral recognition 

abilities of the prepared electrodes were investigated by using differential pulse 

voltammetry (DPV) in the presence of different chiral molecules.[109] It was 

found that the chiral imprinted mesoporous platinum was preferentially reacting 

with the initially imprinted chiral template molecule, whereas the reactivity is 

significantly lower for the opposite enantiomer. The high surface area of the 

mesoporous structure enhances the detection limit during chiral analysis. In 

addition, the chiral encoded mesoporous platinum electrodes can be also used 

for the analysis of other compounds with a similar structure.[39] For example, 

mesoporous platinum imprinted with mandelic acid (MA) was used as electrode 

for the chiral discrimination of 3,4-dihydroxyphenylalanine (DOPA). 

Interestingly, mesoporous platinum imprinted with R-MA preferentially reacts 

with L-DOPA and an analogous behavior has been observed when using 

electrodes imprinted with S-MA, which preferably convert D-DOPA. This 

confirmed the presence of chiral information in the encoded metal surfaces, 

opening interesting perspectives for pharmaceutical applications. [39]  
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Figure 1.5 Interaction between the chiral template and Brij C10. a) L-DOPA (I), 

the oxidized form of L-DOPA (II), and the Brij C10 (III). b) The 

illustration of a column of aggregated Brij C10, depicted from [2].  

 

Apart from the enantioselective analysis of chiral molecules using chiral 

encoded mesoporous platinum, Yutthalekha and co-workers reported the 

further application of such designer materials for the enantioselective synthesis 

of MA by using MA imprinted mesoporous platinum.[3] The electrosynthesis 

mechanism is shown in figure 1.6. Figure 1.6a illustrates the hydrogenation 

process of phenyl glyoxylic acid (PGA), for which hydrogen can be added on 

the left or the right side of the prochiral carbon. R-cavities and S-cavities were 

obtained after the chiral template and surfactant were removed as shown in 

figure 1.6b and 1.6c, respectively. Applying a negative potential, the chiral 

imprinted electrode allows the transformation of the prochiral molecule 

adsorbed in the chiral cavity (Figure 1.6d). The product is formed in the 

asymmetric environment of the chiral porous structure (Figure 1.6e) and then 

the product desorbs from the electrode surface. The efficiency of the chiral 

synthesis, or enantiomeric excess (%ee), can be calculated by equation 1.1:  

I II 

III 
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%ee = 
𝑅𝑀𝐴−𝑆𝑀𝐴

𝑅𝑀𝐴+𝑆𝑀𝐴
                                                       (1.1) 

where RMA and SMA refer to the concentration of R-MA and S-MA 

in the solution for a certain reaction time. Moreover, in order to improve 

the enantiomeric excess, the concentration of imprinted molecules can be 

optimized. A suitable concentration of imprinted MA is in the range of 3-

5% compared to the weight of metal salt. At too low concentrations of 

imprinted molecules there are only few chiral active sites imprinted in the 

electrode, whereas at too high concentrations of chiral molecules the 

formation of the LLC structure is disturbed, leading to a less well-defined 

mesoporous structure. Remarkably, under the most suitable conditions, 

the enantiomeric excess can reach 20%ee. Although such a significant 

%ee can be observed, a large portion of unwanted enantiomer is obtained 

due to the inference of the reactions at non-imprinted active sites at the 

external surface of the electrodes. In addition, diffusion limitation inside 

the mesoporous channels is another important factor that needs to be 

considered. Another drawback is the use of expensive precious metals 

and deleterious environmental impact,[110] which makes it difficult to 

establish the present system at a practical scale. In order to open up more 

realistic perspectives, the imprinting of chiral information in earth-

abundant first-row transition metals such as nickel would be beneficial in 

terms of cost and sustainability.[111, 112] In addition, nickel is an 

interesting metal, which shows high catalytic performance for several 

electrocatalytic reductions, for example, hydrogen production,[113] 

oxygen reduction[114] and especially electroreduction of organic 

molecules.[115]  
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Figure 1.6 Synthesis scheme of mandelic acid: a) hydrogenation of phenyl 

glyoxylic acid (PGA) to chiral mandelic acid (MA), (b) R-MA chiral 

cavity, (c) S-MA chiral cavity, (d) adsorption of PGA in R-MA cavity 

and (e) selective electroreduction of PGA to R-MA, taken from Ref 

[3]. 

 

In the present study, we describe a new concept for highly 

enantioselective synthesis of chiral compounds via a pulsed 

electrochemical technique using chiral encoded mesoporous metal 

surfaces. This strategy has been used in order to improve the 

enantioselectivity of chiral compounds due to a minimization of the 

reactions taking place on non-imprinted sites. The degree of 

enantioselectivity can be tuned by controlling the pulse time and the 

amount of imprinted active sites. Chiral encoded mesoporous Ni metal 

has been prepared by electrodeposition of nickel salts (Ni(OAc)2·4H2O) in 

the simultaneous presence of non-ionic surfactant (Brij C10) and chiral 

compounds (phenylethanol). To confirm the presence of chiral information 

in the non-noble metal, the electrochemical electrooxidation of 

phenylethanol has been used. In addition, in order to illustrate the synergy 

of chiral features and a mesoporous structure, the chiral electrodes were 

used for the enantioselective electroreduction of a prochiral compound 

such as acetophenone to selectively produce phenylethanol enantiomers. 
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When chiral imprinted mesoporous nickel is used for pulsed 

electrochemical reduction combined with a fine-tuning of the pulse time 

and relaxation time, the enantioselectivity is greatly improved. 

 

1.2 Experimental section 

Chemicals 

Hexachloroplatinic acid hydrate (H2PtCl6.xH2O), nickel acetate 

tetrahydrate (Ni(OAc)2 4H2O), sodium acetate trihydrate (NaOAc 3H2O), boric 

acid (B(OH)3), polyoxyethylene (10) cetyl ether (Brij C10), (R)-phenylethanol (R-

PE), (S)-phenylethanol (S-PE), acetophenone, isopropanol, potassium 

hydroxide, sulfuric acid and ammonium chloride were purchased from Sigma-

Aldrich. Heptane and hydrochloric acid were purchased from Fisher Scientific 

and QREC, respectively. All chemicals were used directly without any further 

purification and all solutions and the plating mixture were prepared using MilliQ 

water. 

 

Substrate cleaning 

Gold-coated glass slides were used as substrates for the 

electrodeposition of chiral imprinted mesoporous metals. In order to clean the 

gold surface of the substrates (1.2 cm×2.4 cm), they were sonicated in 

isopropanol for 30 min, resulting in organic impurities removal. Subsequently, 

the substrates were rinsed with MilliQ water (18.2 MΩcm) and isopropanol, and 

then dried with nitrogen. The substrates were connected by soldering a normal 

wire and the geometric surface area of the electrodes was confined by nail 

varnish. 

 

Electrodeposition of chiral imprinted mesoporous platinum 

Electrodeposition of the chiral encoded mesoporous platinum was 

carried out following a literature procedure. [2, 3, 39] Chiral imprinted 

mesoporous Pt electrodes were prepared by electroreduction of the platinum 

salt in the simultaneous presence of a self-assembled lyotropic liquid crystal and 

the chiral template. In this contribution, polyoxyethylene (10) cetyl ether (Brij 
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C10) as a non-ionic surfactant, and enantiomeric phenylethanol were used as a 

mesoporogen and chiral template, respectively. To prepare plating mixtures for 

platinum deposition, the liquid crystal composed of 42 wt% Brij C10, 29 wt% 

chloroplatinic acid, 29% wt% MiliQ water and the desired amount of 

phenylethanol template were combined. The resulting gel was mixed until 

becoming homogeneous. The viscous plating gel was carefully placed on the 

gold-coated glass, and then a platinum mesh was positioned at the top of the 

gel as a counter electrode. Ag/AgCl was used as a reference electrode in the 

electrochemical cell. A potential of -0.1 V vs Ag/AgCl was applied to the gold 

substrate for the reduction of the platinum ions with various charge densities in 

order to optimize the film thickness. After electrodeposition, all the prepared 

electrodes were rinsed with MiliQ water several times to remove the chiral 

template and lyotropic liquid crystal from the mesopores and chiral cavities. 

 

Electrodeposition of chiral encoded mesoporous nickel 

Chiral encoded mesoporous Ni electrodes were coated on the gold 

substrate via the electrodeposition of nickel acetate salt in a presence of 

lyotropic liquid crystal as a mesopore directing agent and chiral molecules as a 

chiral template. The plating solution was composed of 0.2 M Ni(OAc)2·4H2O, 

0.5 M Na(OAc)·3 H2O, and 0.2 M B(OH)3, prepared at 333 K. The liquid 

crystalline mixture was obtained by combining 35 wt% of the prepared nickel 

solution, 65 wt% of Brij C10 and 1.45 wt% of (S) or (R)-PE compared to Pt salt 

under vigorous stirring at 333 K for 15 min until the prepared gel was 

homogeneous and transparent. Subsequently the gold-coated glass substrate 

was dipped in the nickel gel for 15 min, and electrodeposition of mesoporous 

nickel was obtained by applying a potential of -0.86 V vs Ag/AgCl with various 

charge densities using a conventionally electrochemical cell, including the gold-

coated glass slide, a platinum mesh and a Ag/AgCl (Sat. KCl) as a working, 

counter and reference electrode, respectively. The lyotropic liquid crystal and 

chiral templates were removed by rising with water several times after nickel 

deposition. Subsequently, the electrodes were kept in nitrogen-saturated water 

to maintain the chiral information and to prevent nickel oxidation. 
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Electrode characterization  

The surface morphology and the thickness of the chiral imprinted 

platinum and nickel films obtained with various deposition charge densities were 

characterized by using a Hitachi TM-1000 tabletop electron microscope and 

JEOL, JSM-7610F, respectively. Furthermore, the mesoporous structure of the 

deposited platinum and nickel electrode was confirmed by transmission electron 

microscopy (TEM) performed on a JEOL JEM-2010 and a JEOL JEM-2100 

microscope. For chiral imprinted mesoporous platinum samples, the gold layer 

was removed by immersing in an aqueous solution composed of 4 wt% KI and 

1 wt% I2 for 20 min. The platinum film was consequently detached from the 

electrode surface and then was carefully transferred onto the Cu TEM grid. In 

order to analyze the mesoporous structure of the nickel films, the deposited 

layer was detached by physical removal and then transferred into an ethanol 

solution. The mesoporous nickel film was transferred onto the TEM grid and 

dried at ambient temperature. The electrochemical characterization of chiral 

encoded mesoporous platinum and nickel films was performed using an Autolab 

PGSTAT204 equipped with a three-electrode system. The prepared electrodes, 

a platinum mesh and Ag/AgCl (Sat. KCl) were used as a working, counter and 

reference electrodes respectively. The surface area of the mesoporous platinum 

electrodes was measured by cyclic voltammetry (CV) in 0.5 M H2SO4 recorded 

at a scan rate of 100 mVs-1 in the range of – 0.25 to 1.25 V vs Ag/AgCl. However, 

to obtain the surface area of the prepared nickel electrodes, CVs were recorded 

in basic solution (1 M KOH) at a scan rate of 100 mVs-1 in the range between 0 

and 0.6 V vs Ag/AgCl. Chiral recognition at the prepared electrodes was 

confirmed by differential pulse voltammetry (DPV) with a step potential and a 

modulation amplitude of 25 mV in 4 mM PE and 50 mM HCl as a supporting 

electrolyte at a scan rate 50 mVs-1.  

 

Enantioselective electrosynthesis of chiral compounds  

Chiral electrosynthesis of phenylethanol (PE) was carried out in 1 M 

NH4Cl as supporting electrolyte containing 4 mM and 10 mM acetophenone in 
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the case of platinum and nickel electrodes, respectively. In order to optimize the 

experimental parameters, the reduction potential of acetophenone was studied 

using CV in 4 mM acetophenone (ACE) and 10 mM NH4Cl as supporting 

electrolyte. In the case of chiral imprinted mesoporous platinum electrodes, the 

conventional electrochemical reduction was performed in a potential range from 

-0.4 to -0.5 V for 13 h in a stirred aqueous solution. However, when using the 

chiral imprinted nickel film, a reduction potential of -0.55 V was applied for 12 h. 

In the case of pulsed electrosynthesis, pulse time and total reaction time was 

varied in order to find the optimal conditions. After electroreduction, the reaction 

mixture was extracted by using heptane as a solvent and then the upper layer 

of the extract solution (heptane layer) was taken and analyzed by high 

performance liquid chromatography (HPLC) performed on a Shimadzu LC-

2030C3D equipped with a chiral HPLC column (CHIRALPAK IB, 250 ×4.6 mm 

inner diameter) and using a mobile phase containing 95 % (v/v) heptane/5 % 

(v/v) isopropanol at a flow rate of 0.5 ml/min and an optical detection at 215 nm. 

To further confirm the enantiomeric nature, the products were analyzed with a 

Jasco J-815 spectrometer and circular dichroism spectra were recorded at a 

scan rate of 50 nm/min. The absorption peaks of chiral products and reactant 

were measured by using Lab Solution software. The enantiomeric excess (%ee) 

is calculated based on the integrated peak areas of (S)- and (R)-PE using the 

following equation: 

%ee = 
𝑆𝑃𝐸−𝑅𝑃𝐸

𝑆𝑃𝑅+𝑅𝑃𝐸
 × 100                                             (1.2) 

where SPE and RPE refer to the obtained peak area of S-phenylethanol and R-

phenylethanol, respectively. The standard error of %ee was successfully 

calculated as standard error of the mean (s.e.m.) based on the following 

equation: 

s.e.m. = 
𝑆

√𝑛
                                                          (1.3) 

where S represents the standard deviation and n is the number of experiments 
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1.3. Results and discussion 

Characterization  

Chiral encoded mesoporous metal surfaces (CEMMSs), including 

platinum and nickel films, were successfully electrodeposited on a gold-coated 

glass substrate in the presence of metal salts (H2PtCl6 or Ni(OAc)2) and a self-

assembled lyotropic liquid crystal (Brij C10) as presented in Scheme 1.1.[4, 5] 

Scheme 1.1a illustrates the molecular structure of both chiral template 

molecules, S-phenylethanol (SPE) and R-phenylethanol (RPE), which are the 

desired products obtained by the electroreduction of acetophenone. The 

fabrication of the chiral imprinted electrodes, includes as a first step the 

hydrogen bond formation between the hydroxy group of phenylethanol and the 

head groups of the lyotropic liquid crystal (scheme 1.1b). The hydrogen 

bonding allows the chiral template molecules to bind to the self-assembled 

hexagonal phase (H1) of the non-ionic surfactant. Subsequently 

electrodeposition is performed to generate the metal around the templates as 

shown in Scheme 1.1c. After removal of the templates, mesoporous structures 

with chiral cavities are obtained (Scheme 1.1d). 

 

Scheme 1.1 Illustration of chiral imprinted mesoporous nickel film formation: a) 

the molecular structure of (R) and (S) phenylethanol; (b) the self-

assembly of the lyotropic liquid crystal in the presence of Ni salt; 

(c) Ni electrodeposition in the presence of mesoporous template 

and chiral template; (d) the chiral imprinted mesoporous nickel after 

template removal. 
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To study the morphology of chiral encoded mesoporous platinum, the 

electrodes prepared with various deposition charge densities were observed by 

scanning electron microscope (SEM). Figures 1.7a and 1.7b show the cross-

sectional SEM images of platinum films obtained with different charge densities, 

confirming the presence of uniform mesoporous platinum films on the gold 

substrate. The mesoporous structure of chiral imprinted platinum was confirmed 

by using a transmission electron microscope (TEM) as shown in the inset of 

figure 1.7a, revealing a uniform pore size distribution around 5 nm. The 

thickness of the chiral imprinted mesoporous Pt films was measured from the 

cross-sectional SEM images of the samples obtained using various deposition 

charge densities. As expected, the thickness of the prepared samples is 

proportional to the charge density as presented in Figure 1.7c. To evaluate the 

active surface of the prepared electrodes, cyclic voltammograms of chiral 

imprinted mesoporous electrodes were measured in 0.5 M H2SO4 in the 

potential range between – 0.2 V and +1.2 V vs Ag/AgCl (Figure 1.7d). In this 

range, cyclic voltammograms exhibit four distinct peaks, assigned to hydrogen 

adsorption (Ha), hydrogen desorption (Hd), oxidation of Pt and reduction of PtOn. 

The remarkable increase of the active surface area of mesoporous platinum 

(blue) compared to the flat platinum electrode (red) is about 33.4 times. 

Moreover, the active surface area of non-imprinted films and chiral imprinted 

mesoporous platinum was compared, and no significant increase of surface 

area was observed as shown in Figure 1.8. This suggests that the high surface 

area can be predominantly attributed to the additional mesoporosity of the metal 

matrix. 
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Figure 1.7 Structural characterization of chiral imprinted mesoporous platinum 

electrodes: a) and b) cross section SEM images of chiral imprinted 

platinum electrodes with injected charge densities of 2 and 8 C cm-

2, scale bar of 10 µm. The inset illustrates the mesoporous structure 

of the platinum matrix, scale bar of 20 nm; (c) thickness of the 

platinum film as a function of the deposition charge density and (d) 

cyclic voltammetry of flat platinum (red) and a chiral-encoded 

mesoporous platinum film with an injected charge density of 8 C cm-

2 (blue) in 0.5 M H2SO4 at a scan rate of 100 mVs-1; Ha (hydrogen 

adsorption) and Hd (hydrogen desorption).   
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Figure 1.8 Cyclic voltammograms of non-imprinted mesoporous platinum (blue) 

and chiral imprinted mesoporous platinum (black) obtained with a 

deposition charge density of 8 Ccm-2, recorded in 0.5 M H2SO4 at a 

scan rate of 100 mVs-1 in the range from -0.25 to 1.25 V vs Ag/AgCl. 

 

In addition, to validate the physical properties of non-noble metal 

electrodes, chiral imprinted mesoporous nickel, was characterized by various 

techniques, including SEM, TEM and CV as shown in Figure 1.9. Figures 1.9a 

and 1.9b illustrate a smooth surface with a uniform thickness over the entire 

area of the prepared Ni electrode obtained for a deposition charge density of 4 

C cm-2 as can be seen in the top and cross-sectional views. Obviously, the 

thickness of the mesoporous Ni films can be easily tuned by changing the 

electrodeposition charge density (Figure 1.10). The thickness of the films 

obtained for a deposition charge density of 1, 2 and 4 C cm-2 correlates with 1.0, 

1.8 and 4.0 nm respectively. In order to confirm the mesoporous structure, 

created by the self-assembly of the lyotropic liquid crystalline phase, the TEM 

image of the chiral encoded mesoporous Ni electrode obtained with a charge 

density of 100 mC cm-2 reveals a uniform mesopore size distribution in the range 
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of 2.33±0.22 nm (the inset of Figure 1.9a). The relationship between the relative 

roughness factor and the thickness of the nickel film measured by SEM (Figure 

1.9b and 1.10) is plotted as a function of charge density as shown in Figure 

1.9c. Furthermore, to investigate the high active surface area of the mesoporous 

surfaces, the electroactivity of Ni in 1 M KOH was monitored by cyclic 

voltammetry in the reduction and oxidation region of nickel (250 to 350 mV and 

100 to 250 mV, respectively) (Figure 1.9d). The current density of the oxide-

layer formation relates to the active surface area of Ni, obtained for various 

deposition charge densities. These observations indicate an increase of the 

relative roughness factor of chiral imprinted Ni films as a function of film 

thickness. The relative roughness factors of the electrodes prepared with 

deposition charge densities of 1, 2 and 4 C cm-2 are about 28.3, 61 and 114.2, 

respectively. It is reasonable to conclude that the relative roughness factor is 

proportional to the film thickness and the injected charge density. 

Figure 1.9 Structural characterization of chiral imprinted mesoporous nickel 

electrodes: a) and b) top view and cross section SEM images of a 

chiral imprinted nickel electrode with an injected charge density of 

c) 
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4 C cm-2, scale bar of 10 µm and 1 µm, respectively; the inset 

illustrates the mesoporous structure of the nickel matrix, scale bar 

of 50 nm; (c) relative surface area and thickness of the nickel film 

as a function of the deposition charge density and (d) cyclic 

voltammograms of flat nickel and chiral-encoded mesoporous nickel 

films with various charge densities in 1 M KOH at a scan rate of 100 

mVs-1. 

 

Figure 1.10 SEM images of mesoporous nickel electrodes imprinted with S-PE 

obtained with various injected charge densities: (a-b) 1C cm-2; (c-

d) 2 C cm-2 with a scale bar of 10 µm (top view) and 1 µm (cross-

section).  

 

Prior to the study of the enantioselective recognition properties of chiral 

imprinted metals, the complete removal of chiral template was confirmed by two 
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independent methods: (i) examining the amount of removed chiral template as 

a function of rinsing time by UV-VIS spectroscopy; (ii) monitoring the 

electrooxidation current of remaining chiral compounds by DPV. Figure 1.11a 

illustrates the UV-Vis spectra of the washing solutions as a function of rinsing 

times. The results clearly exhibit that there are no chiral template molecules 

leaving the platinum matrix after rising with water for 24 hr. In addition, the 

template removal from chiral encoded nickel films is confirmed and shown in 

Figure 1.11b and 1.11c. The series of UV-Vis spectra of the different washing 

solutions were recorded to confirm the complete template removal, and clearly 

shows that no template molecules are leaving the matrix after a rinsing time of 

36 h (see in Figure 1.11b). In addition, to further confirm the removal of chiral 

molecules, differential pulse voltammograms (DPV) of the chiral imprinted 

mesoporous Ni after washing for 36 h in supporting electrolyte (50 mM HCl) was 

carried out in the potential range from 400 to 530 mV vs. Ag/AgCl as illustrated 

in Figure 1.11c. The current density of PE oxidation was background subtracted 

from 410 to 530 mV due to the interference with Ni oxidation.

 

Figure 1.11. Investigating template removal of the prepared electrodes; a) and 

b) absorption spectra of the washing solutions when cleaning 

chiral platinum and nickel electrodes, respectively and c) different 

pulse voltammetry (DPV) of the cleaned electrode in pure 

supporting electrolyte (red curve) compared to a non-imprinted 

electrode (black curve) and an electrode in S-PE solution (blue 

curve).

a

) 
b) c) 
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Enantioselective recognition of chiral compounds at chiral imprinted 

mesoporous metals surfaces. 

In order to illustrate the enantioselective properties of chiral encoded 

metal films, DPV was used for obtaining the enantioselective electrooxidation of 

phenylethanol enantiomers at these metal surfaces (see in Figure 1.12 for 

platinum electrodes and Figure 1.13 for nickel electrodes). The used potential 

window for chiral imprinted platinum and nickel was limited by the oxidation of 

the metal causing eventually a rearrangement of the chiral cavities, leading to a 

destruction of the chiral information encoded in the prepared electrodes. The 

limiting potentials for platinum and nickel in DPV are in a positive range up to 

+0.6 V and +0.58 V vs Ag/AgCl, respectively. As expected, identical DPV 

current densities are obtained for the electro-oxidation of (S)-PE (red) and (R)-

PE (blue) for non-imprinted mesoporous Pt and Ni, confirming no chiral 

recognition as illustrated in Figure 1.12a and Figure 1.13a. For the chiral 

imprinted platinum electrode, a more pronounced signal of (R)-PE compared to 

(S)-PE could be obtained when the electrode is encoded with (R)-PE as shown 

in Figure 1.12b. In strong contrast, the current of PE oxidation for (S)-PE 

encoded platinum in (S)-PE is higher than in a (R)-PE solution (Figure 1.12c). 

This proves that the chiral recognition corresponds to the encoded chiral 

information. In the case of chiral imprinted mesoporous Ni, a similar recognition 

ability is observed (Figures 1.13b and 1.13c). Mesoporous Ni imprinted with 

(S)-PE exhibits a more pronounced signal for (S)-PE (red) compared to (R)-PE 

(blue). In contrast, the one imprinted with (R)-PE shows a significantly higher 

signal for (R)-PE (blue) compared to (S)-PE (red). These observations clearly 

confirm the presence of chiral footprints in the Ni matrix even after removal of 

the chiral template. However, due to the easy oxidation of Ni, it is difficult to 

retain the chiral feature while going to higher positive potentials. 

a

) 
b) c) 
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Figure 1.12 DPV of electrooxidation of (R)-phenyl ethanol (red) and (S)-phenyl 

ethanol (blue) in 50 mM HCl as a supporting electrolyte with 

different electrodes: a) non-encoded mesoporous platinum; b) and 

c) chiral mesoporous platinum encoded with (R)-PE and (S)-PE, 

respectively. All electrodes were prepared using a charge density 

of 2 Ccm-2 and a PE/PtCl62- ratio of 0.05 for encoding the electrode.  

 

Figure 1.13 DPV of electrooxidation of (R)-phenyl ethanol and (S)-phenyl 

ethanol in 50 mM HCl supporting electrolyte with different 

electrodes: a) non-encoded mesoporous nickel; b) and c) chiral 

mesoporous nickel encoded with (S)-PE and (R)-PE, respectively.  

 

Asymmetric synthesis of chiral compounds at chiral imprinted 

mesoporous metal surfaces 

In previous reports, enantioselective electrosynthesis of chiral 

compounds from a prochiral molecule at chiral encoded mesoporous platinum 

surfaces has been described.[3] As mentioned above, imprinting chiral 

molecules results in retaining chiral information in the metal matrix, and finally 

can result in a significant enantioselectivity during the synthesis of chiral 

compounds. Here we describe two approaches in order to improve the 

performance of these electrodes for electrosynthesis: (i) enantioselective 

synthesis via pulsed electrochemistry with a chiral encoded mesoporous 

platinum electrode and (ii) extending the scheme to chiral imprinted mesoporous 

non-noble metal surfaces.  

In order to investigate electrochemical synthesis, the formation of 

phenylethanol from acetophenone was chosen as a model reaction because it 

has a simple molecular structure and is also present in large portions in bio-oil 



51 

 

(up to~27 wt%).[116] Moreover, the hydrogenation product of acetophenone 

can be used as an intermediate for synthesizing various chiral compounds for 

pharmaceutical applications.[117]  

During the enantioselective synthesis of chiral compounds, the first step 

is the oriented adsorption of acetophenone in the chiral cavities. Subsequently, 

its keto group (C=O) is partially reduced as can be seen in Scheme 1.2a. Due 

to the asymmetric environment of the chiral cavity, a chiral product, which has 

an identical spatial configuration with respect to the encoded chiral information, 

is selectively produced during the hydrogenation step (Scheme 1.2b and 2c). 

Finally, the chiral product is released from the cavity as represented in Scheme 

1.2d.   

Scheme 1.2 Electrosynthesis of enantiomeric phenylethanol via hydrogenation 

of acetophenone: a) adsorption of the prochiral precursor in the 

imprinted cavity; b) selective hydrogenation of acetophenone 

inside the chiral cavity; c) chiral product obtained after 

hydrogenation; d) molecular desorption of phenylethanol from the 

cavity. 

 

In order to improve the enantiomeric excess of the electrosynthesis the 

possibility of using a pulsed electrochemical technique has been explored. In 

conventional electrosynthesis, potential is continuously applied to the chiral 

metal phase. However, the %ee is not very high because hydrogenation of 

prochiral molecules can also occur at the non-imprinted sites and especially at 

the external surface of the electrode. Therefore, in order to increase the 

proportion of enantioselective product, we propose to apply the potential only 
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for a short time, followed by a relaxation period without applied potential. A 

comparison of the two strategies is schematically shown in Scheme 1.3.   

 

In the case of traditional electrosynthesis, acetophenone (yellow dots) 

can combine with hydrogen (green dots) inside the chiral cavities and at the 

outer surface of the electrode. This results in low enantiomeric excess of either 

(R)- or (S)-PE (blue and red dots, respectively) depending on the encoded 

enantiomer. Interestingly, a significant increase of the enantioselective 

properties can be obtained when a pulsed potential is used instead of the steady 

state experiment. During the relaxation period, fresh prochiral molecules can 

diffuse into the mesopores and adsorb in the chiral cavities. Subsequently, when 

a potential pulse of appropriate amplitude and duration is applied, 

hydrogenation of the prochiral molecules occurs preferentially in the asymmetric 

chiral cavities. After that, when the applied potential is switched off, the 

synthesized chiral product can leave the matrix and fresh reactant enters again 

the chiral cavities. By repeating the above-mentioned procedure for many 

cycles, the preferentially formed enantiomer accumulates in the bulk solution. 

Remarkably, pulsed electrochemical synthesis can significantly reduce the 

amount of unwanted product. The interference of electroreduction at the 

external surface can be minimized by fine-tuning the pulse duration and the 

relaxation time. However, for a given overall reaction time, the quantity of 

converted molecules is much smaller and the global synthesis time is much 

longer compared to conventional electrosynthesis.  
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Scheme 1.3 Comparison of the two strategies of enantiomeric synthesis. The 

prochiral precursor (yellow dots) enters the metal matrix and 

reacts with hydrogen (green dots). The products obtained from the 

electrosynthesis are (S)-PE (red dots) and (R)-PE (blue dots). 

 

In order to obtain a highly enantioselective synthesis of phenylethanol 

enantiomers, an optimized potential of – 450 mV vs Ag/AgCl for chiral imprinted 

platinum and of – 550 mV vs. Ag/AgCl for encoded nickel was applied for the 

reduction of the prochiral C=O functional group of the acetophenone molecules. 

To avoid the interference of proton reduction that may generate hydrogen 

bubbles, eventually destroying the mesoporous structures, potentials in the 

range of -400 to -500 mV vs Ag/AgCl were tested for hydrogenation of 

acetophenone on chiral imprinted platinum (Figure 1.14a). For nickel films -450 

to -550 mV vs. Ag/AgCl are a good compromise for the electroreduction of the 

C=O group (Figure 1.14b). The standard chromatograms of the chiral products 

(R)-PE, and (S)-PE, including prochiral reactant (acetophenone), show 

retention times of 13.5 (red), 14.5 (blue) and 10.1 min (black), respectively, as 

can be seen in Figure 1.15. 

Figure 1.14 Cyclic voltammograms of flat electrodes obtained at a scan rate of 

100 mVs-1 under various conditions: a) flat platinum electrode in 1 

M NH4Cl (black) and 43 mM acetophenone (blue); b) flat nickel 

electrode in 1 M NH4Cl (red) and 10 mM acetophenone (blue). 

 

 

a) b) 
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Figure 1.15 Standard chromatograms of the educt acetophenone (black), and 

the products (R)-PE (red) and (S)-PE (blue).  

 

Figure 1.16a illustrates the HPLC chromatogram of the products 

obtained during the enantioselective electroreduction at chiral encoded 

mesoporous platinum electrodes. In order to enhance the enantiomeric excess, 

a potential of –450 mV vs. Ag/AgCl has been applied with different pulse 

durations. Interestingly, when a pulse duration of 60s is used, the enantiomeric 

excess is significantly improved (Figure 1.16b). For example, the enantiomeric 

excess can be increased from 13 % to 38 % with respect to conventional steady-

state electroreduction. An even more pronounced enantioselectivity is obtained 

for shorter pulses of 30s, 10s and 2s. In the latter case, the enantiomeric excess 

reaches up to 90 % as shown in Figure 1.16b. From a theoretical point of view, 

a decrease in pulse duration plays an important role with respect to the 

competition between molecular transport effects in the mesopores and the 

reaction kinetics at non-selective sites. A short pulse duration combined with a 

relatively long relaxation time improves the contribution of diffusion inside the 

mesoporous matrix and allows filling the pores with fresh prochiral molecules 

from the bulk solution. The chiral nature of the products obtained during the 

synthesis can be confirmed by using circular dichroism (CD) measurements as 

shown in Figure 1.17. Opposite spectra are observed, meaning that the 

products are enantiomers. 
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Figure 1.16 Results of the asymmetric synthesis when using chiral imprinted 

platinum electrodes: a) HPLC chromatograms of the 

electrosynthesis products obtained with (S)-PE imprinted 

electrodes in 10 mM acetophenone and 1 M NH4Cl at a potential 

of -0.45 V vs Ag/AgCl for different pulse durations. The peak 

retention times of 13.5 and 14.5 min correspond to (R)-PE and (S)-

PE, respectively. b) Histogram summarizing the enantiomeric 

excess (%ee) for various pulse times. Color codes present the 

different conditions of enantiomeric synthesis: classic 

electrosynthesis (orange); 60s pulses (pink) 30s pulses (red); 10s 

pulses (blue) 2s pulses (black). 

 

Figure 1.17 Circular dichroism (CD) spectra of the products obtained from 

electroreduction of acetophenone using a mesoporous platinum 



56 

 

matrix imprinted with (R)-PE (blue) and (S)-PE (red) for a pulse 

time of 5s. 

 

As can be seen in Figure 1.18, the degree of enantioselectivity for the 

electroreduction of acetophenone at chiral imprinted mesoporous Ni surfaces 

can be also determined by high-performance liquid chromatography (HPLC). In 

a control experiment, using non-imprinted mesoporous Ni as a working 

electrode, no significant enantiomeric excess (-1.9%) was observed as 

illustrated in Figure 1.18a. Considering the error or the s.e.m. of the % ee value 

(± 3.61 %), calculated by equation 1.3, we can conclude that there is, as 

expected, no enantioselectivity. However, when using mesoporous Ni imprinted 

with (S)-PE, the enantiomeric excess reaches 23 % after 12h of reaction time 

for the conventional electroreduction method. The enantiomeric excess when 

using an electrode imprinted with (R)-PE is about -19 %. These observations 

confirm that it is possible to retain chiral information in the mesoporous Ni matrix, 

eventually leading to a moderately selective production of chiral compounds. 

As mentioned above,[4] the concept of pulsed electrosynthesis can 

significantly improve the enantioselectivity due to the suppression of the 

interference of concomitant reactions at the non-imprinted sites located at the 

external electrode surface. Thus, we tested this concept also for chiral imprinted 

mesoporous Ni by applying the potential of –550 mV vs. Ag/AgCl with different 

pulse durations. Interestingly, when a pulsed duration of 30 s is chosen, the 

enantiomeric excess can be improved from 23 % to 45 % compared to 

conventional steady-state electroreduction (Figure 1.18b). An even more 

pronounced effect is observed for very short pulse durations of 10 s. In this case, 

the enantiomeric excess eventually reaches 80 % as shown in Figure 1.18c.  
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Figure 1.18 Chiral synthesis using chiral imprinted nickel as working electrode: 

a) and b) HPLC chromatograms of electrosynthesis products from 

10 mM acetophenone and 1 M NH4Cl as supporting electrolyte with 

(a) a constant applied potential of -0.55 V vs Ag/AgCl and (b) 

potential pulses of -0.55 V vs Ag/AgCl for an (S)-PE imprinted 

electrode. The peak retention times of 13.5 and 14.5 min 

correspond to (R)-PE and (S)-PE, respectively. c) The histogram 

summarizing the enantiomeric excess (%ee) for various pulse 

times. Color codes present the different conditions of enantiomeric 

synthesis: non-imprinted Ni (black); (R)-PE imprinted Ni (purple) 

and (S)-PE imprinted Ni (red) with continuously applied potential; 

(S)-PE imprinted Ni with 30s potential pulses (green) and (S)-PE 

imprinted Ni with 10s potential pulses (blue). 

 

It is well-known that Ni is a soft non-noble metal, and therefore the 

chemical and mechanical stability of the chiral imprinted nickel films might be a 

critical issue.[118] It was found that when chiral imprinted mesoporous Ni 

electrodes were immersed into the supporting electrolyte without any applied 

potential under continuous stirring in nitrogen atmosphere, the mesoporous Ni 

layer was completely oxidized and removed after a day as can be seen from 

Figure 1.19. However, when a negative potential is constantly applied, the Ni 

layer is more stable via “cathodic protection”.[119, 120] This allows to envision 

still the use of such a soft metal in the frame of a reductive electrosynthesis 

experiment despite its intrinsic stability problems.  
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Figure 1.19 Mechanical stability of chiral encoded mesoporous nickel 

electrodes in supporting electrolyte with and without an applied 

potential of – 0.55 V vs Ag/AgCl. 

 

1.4 Conclusion 

Chiral-encoded mesoporous Pt and Ni have been successfully prepared 

by the electrodeposition from Pt and Ni salts in the simultaneous presence of a 

lyotropic liquid crystal phase of non-ionic surfactant, Brij C10, and a chiral 

template, phenylethanol. The electrochemical properties of the prepared 

materials can be greatly improved compared to flat electrodes. This behaviour 

ultimately leads to an improved discrimination of (R)-PE and (S)-PE 

enantiomers, confirmed by DPV. In addition, the designed materials can be 

applied for the asymmetric electrosynthesis of phenylethanol from a prochiral 

starting compound (acetophenone). In conventional electrohydrogenation, only 

low enantiomeric excess was obtained due to the interference of hydrogenation 

on non-imprinted sites. However, the enantiomeric excess can be greatly 

improved when using the concept of pulsed electrosynthesis. By fine-tuning and 

optimizing the pulse duration, up to 90% and 80 % ee were obtained when using 

chiral imprinted platinum and nickel electrodes, respectively. This work 

significantly extends the application potential of enantioselective 

electrosynthesis with respect to the generation of high added-value chemicals 

and opens promising industrial perspectives for the future.



Chapter 2 

Electrochemically fine-tuning of the enantioaffinity of 

chiral imprinted platinum surfaces for chiral 

discrimination and separation 

2.1  Introduction 

There are many types of molecules in nature having a chiral character. 

Although enantiomers usually have the same physical and chemical properties, 

very different biological activities are often observed. For example, in a 

biological environment one enantiomer usually presents a positive effect, 

whereas the other one might even be toxic. Therefore, the development of chiral 

technologies to obtain pure enantiomers is the main challenge for 

pharmaceutical applications.[121-123] Regarding chiral technologies, there are 

many approaches focusing on the asymmetric design of materials for different 

applications ranging from chiral analysis[124-131] to asymmetric synthesis[132-

137] and chiral separation.[138-144] It has been found that chiral discrimination 

is generally considered as an important approach to obtain enantiomerically 

pure compounds (EPC) and to minimize unwanted products.[138-144] 

Therefore, the design and engineering of chiral stationary phases can improve 

their separation efficiency, eventually providing high performance tools for 

practical purposes. 

For such applications, various asymmetric materials have been obtained 

by using different concepts including molecular imprinting,[130, 145-149], 

organometallic compounds,[133] metal organic frameworks,[150] and molecular 

grafting.[151, 152] Among these approaches, molecular imprinting is one of the 

most fascinating one, which employs enantiomer molecules as asymmetric 

templates to encode chiral information inside a bulk matrix.[102, 153] 

Molecularly imprinted polymers (MIPs) were the first examples of the molecular 

imprinting technology, and they have been widely used for mimicking 

biologically active sites inside the polymer matrices. For example, MIPs were 
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first studied and used as chiral adsorbent for chiral chromatography in 1978. 

[154] The chiral molecular template, 4-nitrophenyl-α-D-mannopyranoside, was 

covalently linked to a monomer, 1,2,3,4,6-di-o-(4-vinylphenylboronate), to form 

4-nitrophenyl-α-D-mannopyranoside-2,3,4,6-di-o-(4-vinylphenylboronate). 

Interestingly, the MIP could be prepared and used as a chromatographic 

sorbent, providing specific cavities with chiral functionality. Furthermore, the 

prepared stationary phases were well suited for the separation of chiral 

compounds, even though broadened and tailing peaks were observed. 

Therefore, MIPs have been extensively explored as stationary phases in HPLC 

columns for racemic separation. For example, when using (R)-enantiomer-

imprinted stationary phases, the (S)-enantiomer often elutes before the R-

configuration. [155, 156] To further develop MIP materials, Yin and co-workers 

studied the enantiomeric separation of nateglinide and its enantiomer by 

comparing different chiral stationary phases including bulk and monolithic 

nateglinide-MIPs.[157] The recognition performance of the monolithic MIPs is 

remarkably higher than that of a column packed with bulk polymer. Although 

MIPs have been widely used as a stationary phase for chiral separation, the 

main drawback is the excessive peak broadening and tailing, often observed in 

the chromatograms when MIPs are employed as sorbent. [51] 

In order to improve the separation efficiency of chiral compounds, MIPs 

were also employed as stationary phases in capillary electrochromatography. 

For instance, MIP was prepared using tert-butoxycarbonyl-tryptophan (Boc-

Trp), acrylamide and ethylene glycol dimethacrylate as a chiral template, 

functional monomer and cross-linker agent, respectively, and subsequently the 

obtained material was used in a microfluidic device.[158] The resulting MIP-

coated microchannels (MIP-MCMD) provide a complete baseline separation of 

racemic compounds with a short retention time (75 s), due to the large surface 

area and high number of chiral cavities in the MIP wall. However, the high 

pressure present in microfluidic channels results in leaching of the stationary 

MIP phase from the microchannel, thus reducing separation efficiency. Hence, 

a promising idea consist of integrating the MIP with a magnetic solid support in 

order to improve the stability of the MIP phase inside the microchannel. 
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Typically, the stationary phase was prepared using Fe3O4 nanoparticles and 

norepinephrine as the supporting substrate and the functional monomer, 

respectively. Various kinds of chiral templates to generate the chiral information 

were used including tryptophan, valine, threonine, ofloxacin and binaphthol. The 

results exhibited high separation performance and especially high stability of 

MIPs in the presence of the magnetic field.[159] However, due to the physical 

properties of the MIPs, in particular the shrinking and swelling of the chiral 

cavities after the template removal, as well as the poor accessibility of the 

internal part of the polymer matrix, a loss of chiral information is often a 

problem.[160, 161]  

Regarding the disadvantages of conventional MIPs for chiral separation, 

alternative porous structures with chiral features imprinted in more rigid 

materials have been proposed.[162, 163] The new concept allows designing 

and selectively fine-tuning the interaction between guest molecules and chiral 

cavities. Recently, chiral imprinted mesoporous platinum films have been 

rationally designed and prepared based on the self-assembly of a lyotropic liquid 

crystalline phase in the simultaneous presence of enantiomers and a metal salt 

in order to create chiral cavities following a molecular imprinting approach.[2] 

Chiral encoded mesoporous metal surfaces (CEMMS) have been used in 

various applications ranging from chiral recognition, to electroanalysis[2, 39] 

and asymmetric synthesis.[3] Such a chiral imprinted mesoporous platinum 

exhibits a very high electrocatalytic surface area, promising enantiomeric 

recognition and acceptable asymmetric synthesis abilities. Interestingly, when 

chiral encoded mesoporous platinum is used for pulsed electrosynthesis, an 

enantiomeric excess above 90% was observed as explained in the previous 

chapter.[4] This implies that the chiral selective not only originates from the 

chiral information inside the mesopores, but also strongly relies on the operating 

conditions. 

It is well known that the binding affinity of a chiral molecule on chiral 

surfaces can be significantly improved by fine-tuning their interaction. For 

example, capillary electrochromatography is a general technique of 

chromatographic separation in the presence of an electric field gradient.[164-
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167] Because the applied potential allows inducing an electrostatic interaction, 

the additional force can therefore control the enantioaffinity of the racemic 

mixture for the surface of the stationary phase. The additional electrostatic force 

can significantly improve the chiral discrimination efficiency.[139, 165] 

Castellani and co-workers explored the electrostatic interaction between 

racemic 2-arylpropionic acids and an alkaloid-based stationary phase column. 

The results showed that the chiral separation efficiency strongly depends on the 

pH of the racemic solution, because the electrostatic interaction between 

stationary phase and racemic molecules becomes less important at pH >4 

owing to the deprotonated functional group of the stationary phases.[168] 

To combine the benefit of fine-tuning the electrostatic interactions with 

encoded mesoporous metal surfaces, we propose a new concept of fine-tuning 

the electrostatic interaction of chiral molecules with chiral-imprinted mesoporous 

metal surfaces. This can be achieved in microfluidic channels by adjusting the 

applied potential and the pH of the racemic solution. This eventually leads to a 

dramatically improved chiral resolution, even when using a stationary phase 

with only a short path-length. 

 

2.2 Experimental section 

Chemicals  

Hexachloroplatinic acid hydrate (H2PtCl6. xH2O), polyoxyethylene (10) 

cetyl ether (Brij C10), L- and D-tryptophan (Trp), R-, S- naproxen, 3,4-dihydroxy-

D-phenylalanine (D-DOPA) and 3,4-dihydroxy-L-phenylalanine (L-DOPA), 

potassium iodide, iodine, hydrogen peroxide, sulfuric acid and sodium hydroxide 

were purchased from Sigma-Aldrich. Racemic tryptophan and hydrochloric acid 

were purchased from Alfa Aesar. Racemic naproxen was purchased from 

Merck. MilliQ water (resistivity: 18.2 MΩ cm) was used for the lyotropic liquid 

crystal preparation and chiral separation processes. All chemicals were directly 

used without additional purification. 
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Gold-coated glass substrate cleaning 

Gold-coated glass slides were employed as a substrate for the 

electrodeposition of chiral encoded mesoporous platinum films. In order to clean 

the gold surface of the substrates (4.8 cm×2.4 cm), the surface of the gold-

coated glass was immersed in piranha solution (H2SO4 and H2O2) for 30 min, 

resulting in organic impurities removal. Subsequently, the substrates were 

rinsed with MilliQ water (18.2 MΩcm) and then dried with nitrogen. The 

substrates were connected by soldering a normal wire and the geometric 

electrode surface area of about 4.0 cm × 0.2 cm was confined with scotch tape. 

 

Electrodeposition of chiral imprinted mesoporous platinum 

microchannels 

Chiral imprinted mesoporous platinum electrodes were prepared 

following literature procedures,[2, 3, 39] by electroreduction of a platinum salt in 

the simultaneous presence of a self-assembled lyotropic liquid crystal and the 

chiral template. In the present work, polyoxyethylene (10) cetyl ether (Brij C10) 

as a non-ionic surfactant and enantiomeric tryptophan were used as a 

mesoporogen and chiral template, respectively. To prepare plating mixtures for 

platinum deposition, the liquid crystal composed of 42 wt% Brij C10, 29 wt% 

chloroplatinic acid, 29% wt% MiliQ water and the desired amount of tryptophan 

template were combined. The resulting gel was mixed until becoming 

homogeneous. The viscous plating gel was carefully placed on the gold-coated 

glass, and then a platinum mesh was positioned at the top of the gel as a counter 

electrode. Ag/AgCl was used as a reference electrode in the electrochemical 

cell. A potential of -0.15 V vs Ag/AgCl was applied to the gold substrate for the 

reduction of the platinum ions with various charge densities in order to optimize 

the film thickness. After electrodeposition, all the prepared electrodes were 

rinsed with MiliQ water several times to remove the chiral template and lyotropic 

liquid crystal from the mesopores and chiral cavities. 
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Electrodes characterization  

The surface morphology and the thickness of the chiral imprinted 

platinum obtained with various deposition charge densities were characterized 

by using a Hitachi TM-1000 tabletop electron microscope and JEOL, JSM-

7610F, respectively. Furthermore, the mesoporous structure of the deposited 

platinum was confirmed by transmission electron microscopy (TEM) performed 

on a JEOL JEM-2010 and a JEOL JEM-2100 microscope. For chiral imprinted 

mesoporous platinum samples, the gold layer was removed by immersion in an 

aqueous solution composed of 4 wt% KI and 1 wt% I2 for 20 min. The platinum 

film was then detached from the electrode surface and transferred into an 

ethanol solution. Subsequently the mesoporous film was transferred onto the 

TEM grid and dried at ambient temperature. The electrochemical 

characterization of chiral encoded mesoporous platinum films was performed 

using a µAUTOLAB type III equipped with a three-electrode system. The 

prepared electrodes, a platinum mesh and Ag/AgCl (Sat. KCl) were used as a 

working, counter and reference electrode respectively. The surface area of the 

mesoporous platinum electrodes was measured by cyclic voltammetry in 0.5 M 

H2SO4 recorded at a scan rate of 100 mVs-1 in the range of – 0.25 to 1.25 V vs 

Ag/AgCl.  

 

Potential tuning on chiral imprinted platinum surfaces for chiral 

separation 

Chiral-imprinted mesoporous platinum was electrodeposited on the 

substrate and used as electrode. For the affinity fine-tuning, the potential was 

controlled by a potentiostat connected to the mesoporous stationary phase and 

to a silver wire located at the exit of the microchannel as pseudo reference 

electrode. The potential of the chiral stationary phase was tuned in the range 

from 0 to 0.3 V vs Ag. While applying the potential to the imprinted channel 

walls, 0.2 µl of a 1 mM racemate solution is injected at the channel inlet. The 

racemic mixture is then transported through the channel with water (pH 10-11) 

at a flow rate of 0.5 ml hr-1. After passing through the column, the different 
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constituents of the solution were detected at the channel outlet by fluorescence 

at 396 nm with a spectrophotometer connected to an optical fiber 

 

2.3 Results and discussion 

Characterization of chiral-encoded mesoporous platinum films 

Tryptophan encoded mesoporous platinum films were successfully 

deposited on a gold-coated glass substrate in the simultaneous presence of 

platinum salt and a self-assembly of a lyotropic liquid crystal (Brij C10) as a 

stationary phase in a microfluidic channel. Scheme 2.1 demonstrates the 

fabrication procedure of the chiral imprinted electrode comprising the following 

two steps. It starts in the first step with the self-assembly of the lyotropic liquid 

crystal, which interacts with chiral template molecules, L-tryptophan (L-Trp) or 

D-tryptophan (D-Trp) via a hydrogen bond interaction between the hydroxyl 

group of the chiral templates and the head group of surfactant. The 

concentration of the mesoporogen template was controlled in order to be in the 

range of the hexagonal phase (H1). Consequently, platinum was 

electrodeposited around the chiral template and lyotropic liquid crystal to create 

enantioselective cavities and a mesoporous structure. 

 

Scheme 2.1 Tryptophan-encoded mesoporous platinum preparation starting 

from the self-assembled lyotropic liquid crystal (red columns) 

interacting with chiral template on gold coated glass. Then 

platinum is electrodeposited through the template and in the last 

step the chiral template and surfactant are completely removed, 

leading to imprinted mesopores.  
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In order to investigate the textural properties of the chiral encoded 

platinum electrodes, various techniques have been used for revealing the 

surface morphology, the mesoporous structure, the electroactive surface area 

and the enantioselective recognition properties. The morphology of the 

imprinted electrode shown in Figure 2.1a presents a smooth surface in the 

entire area of the prepared Pt electrode obtained with an electrodeposited 

charge density of 8 C cm-2. A constant film thickness of ≈2 µm was obtained, 

which is suitable for using it as a chiral stationary phase in the microfluidic 

channel (Figure 2.1b). Indeed, the thickness of the prepared electrodes can be 

varied and optimized by adjusting the deposited charge density. For example, 

when using charge densities of 2, 4 and 8 C cm-2, film thicknesses of 0.28, 0.58 

and 1.04 µm are obtained respectively (Figure 2.2). The presence of a 

mesoporous phase is confirmed by TEM images of the chiral mesoporous Pt 

electrode obtained with a charge density of 100 mC cm-2. They reveal the 

presence of a uniform mesopore size of about 5 nm (Figure 2.1c). 

In addition, to verify the high active surface area of the chiral imprinted 

mesoporous Pt electrodes, cyclic voltammetry in 0.5 M H2SO4 was performed 

in the range from – 0.25 V to +1.25 V vs Ag/AgCl (Figure 2.1d). Typically, the 

CVs show four processes including hydrogen adsorption (Ha), hydrogen 

desorption (Hd), oxidation of Pt and reduction of PtOn. CVs confirm that the 

active surface area of mesoporous platinum electrodes is much higher than that 

of flat platinum and the electroactive surface area increases with increasing 

charge density, as illustrated by a roughness factor of 16, 35 and 82 for a 

deposition charge density of 2 (green),4 (blue) and 8 C.cm-2 (purple), 

respectively. The relationship between surface enhancement factor, measured 

by CV, and the thickness obtained for various injected charge densities was 

studied, and it was found that the gradual increase of surface area directly 

correlates with the injected charge densities (Figure 2.2). The linear relationship 

between surface area and film thickness is due to the identical structure and 

homogeneous deposit.  
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Figure 2.1 a) and b) SEM images of L-Trp encoded mesoporous platinum 

deposited with 8 Ccm-2 as top view and cross section, respectively; 

scale bars are 100 and 20 µm. c) TEM image of the platinum film; 

scale bar 50 nm. d) Cyclic voltammograms of various platinum 

electrodes in 0.5M H2SO4 at 100 mVs-1 in the range from -0.25 to 

1.25 V vs. Ag/AgCl. Key: flat platinum (red) and Trp-encoded 

mesoporous platinum, deposited with a charge density of 2 (green), 

4 (blue), and 8 C cm-2 (purple).  
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Figure 2.2 Surface enhancement factor and deposit thickness as a function of 

injected charge density during the electrodeposition of the 

mesoporous metal. 

 

Prior to the study of the enantioselective recognition properties of chiral 

imprinted metals, the complete removal of mesoporogen and chiral template 

inside the mesoporous structure needs to be confirmed because the chiral 

template molecule and non-ionic surfactant can interfere with the measurement. 

UV-Vis spectroscopy is one of the suitable techniques to indirectly conclude 

regarding the tryptophan template left in chiral imprinted electrode. Typically, 

tryptophan exhibits an absorption peak at wavelengths between 215 and 260 

nm. The washing solution was collected as a function of rinsing time and the 

spectra of Figure 2.3 were recorded. They indicate that the chiral template was 

totally removed after washing the electrode for 60 min or more. 
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Figure 2.3. Absorption spectra of supernatant during the washing process after 

30 (red) min and 60 min (green).  

 

Enantioselective recognition of chiral compounds at chiral 

imprinted mesoporous metals surfaces 

To reveal the enantioselective recognition properties of the chiral 

imprinted mesoporous platinum films, the oxidation signals of L-Trp and D-Trp 

were recorded using DPV in the potential range of Trp oxidation (0.7 to 1.2 V vs 

Ag/AgCl) (Figure 2.4). Chiral recognition is revealed by comparing the 

amplitude of current density in the Trp oxidation region. As anticipated, no chiral 

recognition is observed in the case of non-imprinted flat platinum (Figure 2.4a). 

In strong contrast to the non-imprinted electrode, the L-Trp-encoded 

mesoporous platinum electrode prefers to oxidize L-Trp rather than D-Trp, as 

shown by the higher oxidation signal in Figure 2.4b. On the other hand, for the 

platinum electrode imprinted with D-Trp, the amplitude of the current density in 

D-Trp solution is significantly higher than the one for the L-Trp solution (Figure 

2.4c). It is therefore reasonable to confirm the presence of chiral information in 

the imprinted platinum electrodes. It is well known that at a high positive 

potential, the chiral information of the imprinted electrode can be destroyed. 

Obviously, when the imprinted platinum electrodes were first scanned in sulfuric 

acid in a potential range from -0.25 to 1.25 V vs Ag/AgCl, the current density 
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recorded subsequently for Trp oxidation is almost the same for both 

enantiomers (Figure 2.4d). These observations imply that there is no chiral 

information left after bringing the electrode to a high positive potential. 

 

Figure 2.4. Differential pulse voltammetry (DPV) of various platinum electrodes 

in 4 mM L-Trp (red) and D-Trp (blue) using 50 mM HCL as 

supporting electrolyte (green is measured in supporting electrolyte 

only); (a) a flat platinum electrode, (b) L-Trp encoded mesoporous 

platinum, (c) D-Trp encoded mesoporous platinum and (d) L-Trp 

encoded mesoporous platinum after erasing the chirality by running 

a CV in 0.5 M H2SO4 between -0.25 and 1.25 V vs Ag/AgCl. 

 

In addition, the imprinted platinum films also exhibit outstanding features 

for the enantioselective recognition of 3,4-dihydroxyphenylalanine (DOPA) as 

illustrated in Figure 2.5. As expected, undistinguishable DPV current densities 

for the electro-oxidation of L-DOPA (red) and D-DOPA (blue) are obtained on 

non-imprinted mesoporous Pt, confirming no chiral recognition as illustrated in 
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Figure 2.5a. For the chiral imprinted platinum electrode, a significantly more 

pronounced signal of L-DOPA oxidation with respect to D-DOPA oxidation can 

be obtained when an electrode is encoded by (L)-Trp as shown in Figure 2.5b. 

In contrast, the current density of D-DOPA is more pronounced than that of L-

DOPA on D-Trp encoded platinum in (Figure 2.5c). This implies that the chiral 

encoded mesoporous platinum imprinted with tryptophan enantiomers has 

chiral affinity even for molecules with different molecular structures. As 

previously, enantioselective recognition was tested after erasing the chiral 

information (Figure 2.5d), exhibiting again identical current densities for both 

enantiomers.

 

Figure 2.5. Differential pulse voltammetry (DPV) of various platinum electrodes 

in 4 mM L-DOPA (red) and D-DOPA (blue) using 50 mM HCL as 

supporting electrolyte; (a) a flat platinum electrode, (b) L-Trp 

encoded mesoporous platinum, (c) D-Trp encoded mesoporous 

platinum and (d) L-Trp encoded mesoporous platinum after erasing 
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the chirality by running a CV in 0.5M H2SO4 between -0.25 and 1.25 

V vs Ag/AgCl.  

 

Chiral discrimination and separation 

To illustrate the concept of fine-tuning the enantioaffinity of chiral 

molecules, the applied potential has been tuned at a chiral-encoded 

mesoporous platinum film used as a stationary phase and working electrode for 

chiral separation. The potential has been optimized to identify suitable 

conditions for the enantiomeric separation because at a very low positive 

potential only small electrostatic forces are present, and therefore the 

enantiomeric molecules are not able to get separated by the chiral electrodes. 

However, if the applied positive potential is too high, an oxidation of the chiral 

molecules and the platinum surface might occur, leading to a loss of chiral 

information of the imprinted cavities.  

In the present case, tryptophan enantiomers were used as the chiral 

template because L-tryptophan (L-Trp) is a well-known natural essential amino 

acid, involved in protein synthesis and a precursor of the neurotransmitter 

serotonin, whereas the mirror enantiomer, D-tryptophan (D-Trp), is used in 

pharmaceutical applications as an intermediate in the synthesis of peptide 

antibiotics. Above the pKa of Trp (9.39), the main portion of Trp is deprotonated 

and therefore negatively charged. The electrostatic interaction between a 

negatively charged molecule and the positively charged metal surface is 

illustrated in Scheme 2.2. The electrostatic interaction is described by 

Coulomb’s law in which the Coulombic force (FE) depends on the potential 

applied to the chiral metal phase and the charge of the deprotonated molecule. 

                                                        FE = qE                                                           (2.1) 

with q being the charge of deprotonated racemate and E refers to the applied 

potential. Enantiomeric molecules with the right chirality should then interact in 

a favorable way with the imprinted cavities.      
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Scheme 2.2 An illustration of the electrostatic interaction of deprotonated Trp 

with a cavity in a positively charged mesopore of the microchannel.  

 

To illustrate the benefits of the chiral imprinted metal films for chiral 

separation, the designed materials were electrochemically deposited as the 

stationary phase in the micro-fluidic channel. Interestingly, the interaction of the 

chiral molecules with the imprinted surfaces can be adjusted by applying a 

positive potential at the electrode surfaces as shown in Scheme 2.3.  

 

Scheme 2.3. A hyphenated microfluidic electrochromatography device with an 

L-Trp-encoded mesoporous platinum film as a stationary phase. 

The electrochemical potential of the stationary phase is controlled 

by a potentiostat. 
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When using L-Trp imprinted mesoporous platinum as a stationary phase 

and as a working electrode in a microfluidic device, as illustrated in Figure 2.6, 

the applied potential can be controlled by a potentiostat with respect to a silver 

wire used as a counter and pseudo reference electrode. Deprotonated racemic 

Trp is injected at the inlet, with water as a mobile phase. The electrostatic force 

is generated by applying a potential to the chiral-encoded Pt film. The solution 

leaving the microchannel is studied by fluorescence at 396 nm with an optical 

fiber connected to a spectrophotometer using an excitation wavelength of 260 

nm generated by a UV-LED. The absorption and emission spectra of tryptophan 

are shown in Figure 2.7. 

 

Figure 2.6 (a) Electrodeposition of a narrow strip of tryptophan encoded 

mesoporous platinum on a gold-coated glass slide. (b) Two plates 

prepared in this way are placed face to face and kept separated at 

a distance of 65 m by positioning double-sided tape along both 

sides of the metal deposit. This also allows to seal the channel. (c) 

Global view of the final microfluidic device for chiral separation.  
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Figure 2.7. Absorption and fluorescence spectra of 1 mM tryptophan dissolved 

in water. 

 

The applied potential was optimized in order to find a suitable condition 

for tryptophan separation using L-Trp encoded mesoporous platinum as a 

stationary phase as shown in Figure 2.8. First, injection of the racemic mixture 

was carried out without applied potential as a control experiment at a flow rate 

of 0.5 ml min-1 of supporting electrolyte at pH= 9-10 as represented in Figure 

2.8a. As expected, a very broad peak was obtained after 300 s due to the 

overlapping between L-Trp and D-Trp. This implies that the interaction between 

the chiral compounds and the stationary phase are not strong enough to allow 

baseline separation. In contrast to this, the interaction between chiral stationary 

phase and racemic molecules can be enhanced by applying a positive potential 

of 200 mV vs Ag to the chiral metal phase as illustrated in Figure 2.8b. This 

results in improving the separation, leading to two broad peaks. In addition, the 

retention time of the peak attributed to L-Trp is shifted by approximately 750 s 

when applying a potential of +200 mV vs Ag. Due to the presence of chiral 

cavities and electrostatic forces, the strong interaction of L-Trp with the 

imprinted surface results in a very significant prolongation of its retention time 

(peak at 1200s). In strong contrast, D-Trp is almost not affected within the error 
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bars of the measurement. When increasing the applied potential to +300 mV, 

the racemate solution is completely separated as shown in Figure 2.8c, and the 

peaks of D-Trp and L-Trp  are observed at ~500 and ~1400 s. However, the 

applied potential cannot be increased above 300 mV due to the risk of platinum 

oxidation and oxidation of deprotonated Trp in the channel which would result 

in losing chiral recognition. 

Figure 2.8 Electrochromatography of racemate Trp solutions with fluorescence 

detection at the microchannel outlet by an optical fiber for a L-Trp 

imprinted platinum layer. a) No applied potential; (b) 200 mV vs Ag; 

and (c) 300 mV (fresh). 

 

To confirm the structural selectivity, standard solutions of L-Trp and D-

Trp have been tested with respect to the retention times of the individual 

compounds at an applied potential of 300 mV vs Ag. As expected, when the 

stationary phase is imprinted with L-Trp, the chiral cavity prefers to interact with 

the right configuration (L-Trp), thus the opposite enantiomer (D-Trp) exhibits a 

short retention time (400s) as shown in Figure 2.9a, while the retention time of 

pure L-Trp is around 1400s (Figure 2.9b). This confirms the peak assignment 

when injecting the racemic mixture.   



77 
  

Figure 2.9 Electrochromatography of racemic Trp solutions with fluorescence 

detection at the microchannel outlet by an optical fiber for a L-Trp 

imprinted platinum layer. a) D-Trp; and b) L-Trp. 

 

The atomic structure of the chiral imprinted column might be rearranged 

during the chiral discrimination process due to the electrochemical reaction on 

the surface, and therefore the stability of the stationary phase was studied by 

reusing the metal phase after keeping it for a month (Figure 2.10). Interestingly, 

although the chiral platinum phase exhibits a slightly lower separation efficiency, 

reflected by a reduction of the retention time of L-Trp from 1400 s to 1200, a 

clear separation of the two enantiomers is still observed.  

Figure 2.10 Electrochromatography of racemic Trp solutions with fluorescence 

detection at the microchannel outlet by an optical fiber for a L-Trp 

a) b) 

a) b

) 
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imprinted platinum layer. a) freshly prepared layer of chiral platinum 

film; and b) after 1 month. 

 

Previously, Yutthalekha and co-workers reported that a chiral electrode 

imprinted with one type of chiral molecule can be used for the chiral 

discrimination of other structures.[39] We have tested this feature in the present 

case of chiral separation using chiral encoded metals. In this case, the L-Trp-

imprinted Pt film was also employed for chiral discrimination of other 

enantiomeric structures. Alternative amino acids are limited as candidates due 

to lower fluorescence signals which don’t allow an easy detection. However, 

tyrosine (Tyr) is a suitable amino acid due to high fluorescence and a rather 

similar structure to that of tryptophan. Similarly, the peaks of Tyr racemate are 

undistinguishable when no potential is applied at the chiral metal phase, only a 

single broad peak indicates the presence of two enantiomers (Figure 2.11a). 

However, when an electric field is applied, a remarkable difference in retention 

time is seen in the form of two separated peaks (Figure 2.11b). Even without 

further optimization, almost baseline separation of the two enantiomers could 

be observed, indicating the versatility of the strategy to use chiral imprinted 

mesoporous metals as a stationary phase for the separation of various 

enantiomers.  

Figure 2.11. Record of the fluorescence signal at the microchannel outlet during 

tyrosine separation with a) no potential and b) +300 mV vs Ag 

applied to the L-Trp imprinted mesoporous platinum.  

a) b) 
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Moreover, it is interesting to check whether the chiral encoded 

mesoporous platinum can be used as a stationary phase for the separation of a 

real chiral pharmaceutical compound. Chiral naproxen was chosen as a 

pharmaceutical model compound because its two configurations exhibit totally 

different effects in the human body. For example, (S)-naproxen has been used 

to treat arthritis pain, whereas R-naproxen causes liver poisoning. Interestingly, 

the separation efficiency of these enantiomers can be improved by tuning the 

applied potential as shown in Figure 2.12a, 12b and 12c, corresponding to 

applied potentials of 300 mV and 400 mV vs Ag, respectively. R-naproxen 

seems to preferentially interact with the L-Trp cavities, observed at retention 

times of ~415 s (200 mV) and ~720 s (300 mV) compared with S-naproxen 

which leaves the microchannel at ~300 s (200 mV) and ~350 s (300 mV). These 

promising results reveal that this stationary phase not only can separate a model 

compound, but can be also applied to a real pharmaceutical product. 

 

Figure 2.12. Separation of Naproxen enantiomers on an L-Trp-encoded 

platinum film at a) no applied potential b) +300 mV and c) +400 

mV vs. Ag 

 

2.4 Conclusion 

In summary, chiral Trp-imprinted mesoporous platinum films have been 

successfully synthesized on gold-coated glass substrates in the simultaneous 

presence of a lyotropic liquid crystal phase and tryptophan as a chiral template. 

The electroactive surface area obtained from their mesoporous structure is 

a) b) c) 
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significantly improved compared to flat platinum. The prepared materials were 

used as a chiral stationary phase in a microfluidic channel. No chiral separation 

was observed when a racemic mixture of Trp was injected without applied 

potential. Interestingly, fine-tuning of the applied potential allowed optimizing the 

separation efficiency. Moreover, the Trp encoded platinum film could also be 

used as a stationary phase for chiral discrimination of other chiral structures 

including tyrosine and naproxen. Therefore this study presents a very promising 

and versatile strategy for the development of chiral separation technologies 

especially also because of the high stability and reusability of the metal matrix.



 

 

Chapter 3  

Advanced design of chiral-imprinted platinum-

polypyrrole hybrid films for enantioselective actuators 

of mandelic acid  

3.1  Introduction 

The design of materials with a sophisticated structure is of key 

importance for the development of nanotechnology. To design specific materials 

with molecular cavities, molecular imprinting technology is an advanced 

strategy, which is based on the generation of template-shaped cavities in 

material matrices to be used as molecular recognition sites.[125, 169] In this 

context, the development of molecular imprinted materials with chiral 

recognition sites is an extremely interesting topic because many pharmaceutical 

compounds usually are chiral molecules, in which one enantiomer has the 

desired effect in biological systems, however, the opposite enantiomer can even 

exhibit negative effects, and thus, obtaining only one specific enantiomer is 

highly desirable.[2, 170]  

Generally, the molecularly imprinting approach has been widely focusing 

on the design of chiral recognition sites in soft matrices such as polymers, 

namely molecularly imprinted polymers (MIPs). They are formed by the self-

assembly of functional monomers around the template or imprinting agent, 

followed by cross-linking of the monomer to form a film gel.[125, 169, 171, 172] 

Up to date, MIPs have been widely developed in chiral imprinting technologies 

due to a straight-forward preparation method and cost-effectiveness. These 

imprinted polymeric materials have been used as suitable candidates in various 

applications ranging from chiral synthesis,[3-5] separation of racemates,[6] 

enantiomeric analysis[2, 39] and osmosis,[161, 173] to nanofiltration[174] and 

electrodialysis.[169] In particular, in chiral sensing, materials and surfaces need 

to be engineered in such a way that they exhibit a specific enantioselective 

property.[2, 109] However, they often suffer from the disadvantage of template 
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removal and structural shrinking. Moreover, poor mass transfer, low binding 

constants and slow binding kinetics can cause an inefficient chiral recognition 

in MIPs.[2, 101, 161, 169] Substituting polymeric materials with metals is an 

interesting alternative way to retain chiral information inside matrices even after 

the template removal. However, it still suffers from the drawback that recognition 

efficiency is limited by the active area of flat metal surfaces.[63] To overcome 

the problem of very low active surface areas, mesoporous metals should be 

used.  

Due to the low surface area of flat surfaces, mesoporous materials have 

been extensively applied in different fields such as catalysis, drug delivery and 

chemical detection related to their extremely high surface area.[175-177] 

Following a similar concept as the one described for the case of MIPs, 

mesoporous platinum films were deposited together with chiral template 

molecules and mesoporogens in order to control the structure of chiral cavities 

and mesoporous matrix, respectively.[2] As already explained in detail in the 

previous chapters, chiral encoded mesoporous platinum films can retain chiral 

information even after template removal. Moreover, the mesoporous structure 

not only increases the number of chiral active sites by up to two or even three 

orders of magnitude compared to flat surfaces, but also facilitates the 

accessibility of the chiral cavities for target molecules.  

Electrochemical techniques are interesting tools for the detection of chiral 

compounds; however, such techniques require a physical connection between 

a power supply and the chiral imprinted mesoporous electrode as a working 

electrode. Hence, cost effective, wireless and portable electrochemical devices 

are highly desirable. Recently, wireless sensing devices including 

electrochemical interfaces, wearable smart electronics, radio frequency 

identification tags and near field communication labeling, have been developed. 

For example, Sampianato et al. described the development of a wireless 

wearable ring device for chemical sensing by using a battery powered stamp 

size potentiostat.[178] Furthermore, Mishra et al. demonstrated the concept of 

lab-on-a-glove, for which data transmission takes place via a smartphone.[179] 

Ma et al. recently reported wireless and portable sensing to detect food spoilage 
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using a conducting polymer, i.e. polyaniline, based on the principal of near field 

communication labeling.[180] Zhu et al. reported a wireless oxygen sensor 

based on the concept of radio frequency identification tags using Fe (II)-polymer 

wrapped carbon nanotubes.[181]  

To design new materials for molecular sensing devices, conducting 

polymers are well-known materials able to show electrochromism and actuation, 

due to the change in oxidation state during the electrochemical reaction, and 

thus they can be used as an ingredient for wireless sensing/recognition, based 

on a physical transformation as an optical readout. Among all conducting 

polymers, polypyrrole doped with dodecylbenzenesulfonate (DBS) exhibits the 

highest efficiency of actuation, because of high volume changes during 

electrochemical cycling combined with a high mechanical strength.  

Bipolar electrochemistry is an increasingly popular electrochemical 

concept, based on the polarization of a conducting object in an applied electric 

field. This approach has been used for various applications, for instance 

generating motion[182-184], site specific deposition[185, 186] and 

patterning[187, 188]. The generated potential difference between the two 

extremities of the conductive object can trigger an asymmetric reaction. The 

principal of bipolar electrochemical sensing is based on the wireless actuation 

of polypyrrole without any physical connection to the power supply.[7] In order 

to trigger motion of the polymer film, the material needs to be designed in an 

asymmetric way.[170, 189, 190] Our group has pioneered the electrochemical 

deformation for the purpose of wireless sensing of chemical and biochemical 

molecules in solution by using a free standing conducting polymer film.[189] The 

polypyrrole films were electropolymerized in the presence of high molecular 

weight electrolytes such as DBS, which act as a surfactant to provide better 

physical properties, leading to the formation of long and well-organized polymer 

chains. The obtained surface morphology is very different on the two faces of 

the polymer. On side is quite rough due to the free growth into the solution, 

whereas the other side is rather smooth because it was facing the electrode 

support during the electrodeposition. In a bipolar electrochemical system, an 

electric field is generated in the electrolyte solution, and triggers an oxidation 
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and reduction reaction occurring simultaneously at the two extremities of the 

polymer strip. [7] This leads to a differential swelling and shrinking along the 

main axis of the film. During the experiment, the symmetry of the polypyrrole 

strip is broken due to the asymmetric polarization triggered by the applied 

electric field, and therefore, the bipolar approach gives an easy and 

straightforward access to wireless actuation of the polymer. Furthermore, the 

electrochemical reaction at one extremity can be tuned in such a way that the 

actuation allows an optical readout of the concentration of chemical and 

biochemical compounds present in the solution.[189] A freestanding film of PPy 

was used to illustrate the possibility of measuring several chemicals including 

hydrogen peroxide, hydroquinone and glucose with a bipolar electrochemical 

set-up.  

Based on the aforementioned promising results of wireless 

electroanalysis, we were interested in combining chiral mesoporous metals 

together with a freestanding polypyrrole film in order to test the possibility to 

recognize specifically chiral molecules via the wireless electromechanical 

deformation of the polymer. The objective of this work is to integrate the 

outstanding characteristic properties of both constituents, leading to a synergy 

of enantioselectivity and actuation. This approach not only generates an 

advanced hybrid material, but also increases the functionality of the conducting 

polymer and the range of possible applications of mesoporous chiral imprinted 

metals. We therefore propose to combine the above-mentioned chiral platinum 

as an enantioselective component together with the conducting polymer, in 

order to design a wireless enantioselective PPy actuator. The resulting hybrid 

material with dual functionality allows triggering the actuation in the presence of 

a chosen enantiomer. This can be considered as the artificial biomimetic 

equivalent of a muscle, which is preferentially interacting with only one 

stereoisomer, analog to what has been observed in body tissue.[191] 
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3.2 Experimental section 

Chemicals  

Hexachloroplatinic acid hydrate (H2PtCl6. xH2O), polyoxyethylene (10) 

cetyl ether (Brij C10), R-, S- mandelic acid, pyrrole, potassium iodide, iodine, 

hydrogen peroxide, and sulfuric acid were purchased from Sigma-Aldrich. 

Hydrochloric acid was purchased from Alfa Aesar. All solutions and lyotropic 

liquid crystalline gel were prepared by using MilliQ water (resistivity: 18.2 MΩ 

cm). All chemicals were directly used without any purification. 

 

Gold-coated glass substrate cleaning 

A gold-coated glass slide was employed as a substrate for the 

electrodeposition of chiral encoded mesoporous platinum electrodes. In order 

to clean the gold surface of the substrate (1.6 cm×2.4 cm), the gold-coated glass 

was immersed in piranha solution (H2SO4 and H2O2) for 30 min, resulting in 

organic impurities removal (Scheme 3.1a). Subsequently, the substrates were 

rinsed with MilliQ water until the acid solution on the surface was totally 

removed, and then dried with nitrogen. The substrates were connected with a 

normal wire and the electrode’s geometric surface area of about 1.6 cm × 0.5 

cm was defined with scotch tape during the electrodeposition of chiral imprinted 

mesoporous platinum. 

 

Chiral encoded mesoporous platinum using mandelic acid as a 

template 

Electrodeposition of the chiral encoded mesoporous platinum was 

carried out following a literature procedure. [2, 3, 39] Chiral imprinted 

mesoporous Pt electrodes were prepared by electroreduction of the platinum 

salt in the simultaneous presence of a self-assembled lyotropic liquid crystal and 

the chiral template. Polyoxyethylene (10) cetyl ether (Brij C10) as a non-ionic 

surfactant, and enantiomeric mandelic acid were used as a mesoporogen and 

chiral template, respectively. To prepare plating mixtures for platinum 

deposition, the liquid crystal composed of 42 wt% Brij C10, 29 wt% chloroplatinic 

acid, 29% wt% MiliQ water and the desired amount of mandelic acid template 
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were combined. The resulting gel was mixed to obtain a homogeneous paste. 

The viscous plating gel was carefully placed on the gold-coated glass, and then 

a platinum mesh was positioned at the top of the gel as a counter electrode. 

Ag/AgCl was used as a reference electrode in the electrochemical cell. A 

potential of -0.15 V vs Ag/AgCl was applied to the gold substrate for the 

reduction of the platinum ions with various electrodeposition charge densities in 

order to optimize the film thickness. After electrodeposition, all the prepared 

electrodes were rinsed with MiliQ water several times to remove the chiral 

template and lyotropic liquid crystal from the mesopores and chiral cavities 

(Scheme 3.1b). 

 

Hybrid PPy-chiral platinum  

The as-prepared chiral-encoded mesoporous platinum was modified with 

a polypyrrole layer following a literature procedure.[7, 189] A solution composed 

of pyrrole (140µl, 0.2M) and sodium dodecylbenzenesulfonate (0.875 g, 0.2 M) 

in 10 ml MilliQ water was prepared. The previously modified gold plate was 

immersed in the monomer solution for 15 min and electropolymerization was 

carried out in a galvanostatic mode at 3.6 mA for 5400 s. The resulting hybrid 

material was cleaned with water for a day to remove residual monomer 

(Scheme 3.1c), and then peeled off by immersing it in a KI/I2 solution for 2 days 

in order to etch away the underlying gold layer. Afterwards the PPy-Pt film was 

rinsed with water to remove adsorbed I2 and KI for 4 h (Scheme 3.1d). 

 

Electrode characterization  

The surface morphology and the thickness of the hybrid material, PPy-

chiral imprinted platinum, were characterized by SEM performed on a Hitachi 

TM-1000 tabletop electron microscope and JEOL, JSM-7610F. In addition, the 

electrochemical characterization of chiral encoded mesoporous platinum was 

performed using a µAutolab type III equipped with a three-electrode system. 

The prepared electrodes, a platinum mesh and Ag/AgCl (Sat. KCl) were used 

as working electrode, counter electrode and reference electrode, respectively. 

Chiral recognition at the prepared electrode surfaces was confirmed by DPV 
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with a step potential and modulation amplitude of 25 mV in 50 mM mandelic 

acid and 50 mM HCl as a supporting electrolyte at a scan rate of 50 mVs-1.  

Enantioselective actuator 

A piece of the hybrid PPy-Pt film with dimensions of 1 mm × 6 mm × 50 

µm (PPy) and 5 mm × 5 mm × 50 µm (Pt-PPy) (Scheme 3.1e) was fixed on an 

inert support at the center of the electrochemical cell (see Scheme 3.1f). Two 

graphite electrodes with 10 mm diameter were used as feeder electrodes in the 

bipolar electrochemical system. The cell was filled with a solution of 50 mM 

mandelic acid in 50 mM HCl. A potential of 5.3 V was applied between the feeder 

electrodes for the chiral actuation experiment. After waiting for 5 min to ensure 

that the solution was able to diffuse inside the porous structure, a video was 

recorded with a macroscope (LEICA AZ16 APO).   

Scheme 3.1 Preparation of a hybrid chiral Pt-PPy film a) gold substrate; b) 

chiral-imprinted Pt partially covering the gold coated glass slide; 

c) hybrid film on gold substrate; d) freestanding hybrid film after 

etching of the gold layer; e) tailored final geometry of the actuator 

f) enantioselective actuator mounted on a rubber support. 

 

3.3 Results and discussion 

In order to test the use of the hybrid material as an enantioselective 

actuator, the PPy-chiral Pt film was attached to an inert support in the middle of 
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the bipolar cell as shown in Scheme 3.2. When applying the potential, the 

oxidation of mandelic acid occurs at the positively polarized chiral imprinted Pt 

surface. On the other hand, the reduction of polypyrrole takes place at the 

negatively polarized side of the oxidized polypyrrole strip. The change in redox 

state during electroactuation is compensated by the release of iodide ions. The 

reduction of polypyrrole and the release of iodide is directly and quantitatively 

correlated with the oxidation of chiral mandelic acid at the imprinted platinum 

side. In the case of Pt-PPy imprinted with R-mandelic acid, the R enantiomer is 

preferentially oxidized at the encoded platinum. This can be attributed to a more 

favorable partition coefficient for this enantiomer between the solution and the 

porous metal phase. The redox processes occurring at the extremities of the 

hybrid PPy-Pt material in a mandelic acid solution are described by the following 

equations 

Oxidation: C6H5C(OH)HCOOH → C6H5COCOOH + 2H+ + 2e- 

Reduction: PPyox-nI- + ne- →  PPyred  + nI- 

The bending amplitude and kinetics of PPy at the negative polarized side 

quantitatively corresponds to the amount of mandelic acid which is oxidized at 

the chiral imprinted surface. For example, using imprinted platinum with R-MA 

as a chiral template leads to a more favorable electrooxidation of R-MA 

compared to S-MA because of its chiral feature is matching the chiral metal 

cavities, and therefore the degree of bending of PPy in R-MA solution is much 

higher than that of S-MA. On the other hand, the bending kinetics of hybrid Pt-

PPy imprinted with S-MA is higher in S-MA solution than the one observed in R-

MA solution. The discrimination can be represented in the terms of relative 

bending: 

Relative bending  =  
 𝐵𝑒𝑛𝑑𝑖𝑛𝑔 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑡𝑢𝑑𝑖𝑒𝑑 𝑒𝑛𝑎𝑛𝑡𝑖𝑜𝑚𝑒𝑟 𝑎𝑡 𝑎 𝑔𝑖𝑣𝑒𝑛 𝑡𝑖𝑚𝑒

𝐹𝑖𝑛𝑎𝑙 𝑏𝑒𝑛𝑑𝑖𝑛𝑔 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑖𝑚𝑝𝑟𝑖𝑛𝑡𝑒𝑑 𝑒𝑛𝑎𝑛𝑡𝑖𝑜𝑚𝑒𝑟
      (3.1) 
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Scheme 3.2 Illustration of the hybrid Pt–PPy film used for chiral recognition (a) 

Top view and (b) cross section of Pt–PPy (c) Scheme of the 

bipolar electrochemical cell for chiral recognition of mandelic acid 

with the hybrid actuator. 

 

Chiral-encoded mesoporous platinum characterization 

In order to observe the morphology and components of hybrid Pt-PPy, 

scanning electron microscopy (SEM) with energy dispersive X-ray spectroscopy 

has been used. The surface morphology of free-standing hybrid films is 

illustrated in Figure 3.1. The images reveal a homogeneous deposition and 

smooth surface in the entire area of the Pt-PPy film. Figure 3.1a presents the 

surface morphology of chiral imprinted mesoporous platinum deposited with a 

charge density of 8 C cm-2, illustrating a homogeneous deposition and smooth 

surface of platinum without any void space. A constant thickness of ~1 µm for 

the platinum layer is visible in Figure 3.1d. The surface texture and cross 

section of the as-synthesized polypyrrole film was also investigated. The PPy 
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part of the hybrid material exhibits two different faces, similar to what has been 

described previously.[7] Very smooth PPy is observed for the top face (Figure 

3.1c), because it has been facing the gold substrate during polymerization, 

whereas the bottom face is rougher due to the free growth of the polymer 

towards the electrolyte (Figure 3.2). Moreover, as described in previous 

work,[7] the conductivity of the smooth and rough faces is quite different due to 

different degrees of cross-linking. A cross sectional view of the polymer 

indicates a total thickness of about 50 μm (Fig. 3.1f). This asymmetric behavior 

between the two faces of the film in terms of density of cross-linking is absolutely 

important for actuation, because it constitutes the equivalent of a classic 

bilamellar structure. This allows using the as-synthesized polymer film as a 

chiral actuator without the need of fixing it onto another non-electroactive 

material. The homogeneous thin platinum layer is intimately connected to the 

PPy film (Figures 3.1b and 3.1e). The elemental composition is confirmed by 

EDS mapping with platinum coded as green and carbon as red (inset of Figure 

3.1b). The good electrical connection between the two materials ensures the 

efficient electron transport during the actuation process. 
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Figure 3.1 SEM images of the hybrid chiral imprinted Pt–PPy film at different 

positions. (a and d) top and side view of the chiral-encoded platinum 

layer, (b and e) top and side view of the Pt–PPy junction (inset: EDS 

map), (c and f) top and side view of the PPy film. 

Figure 3.2. SEM image of the bottom face of the free-standing hybrid Pt-PPy 

material. 

 

Chiral actuator 

In order to confirm the recognition of chiral molecules at encoded 

platinum surfaces, the enantioselective properties of the hybrid Pt-PPy film was 

first tested by using DPV in solutions of the two mandelic acid enantiomers. The 

oxidation signal of mandelic acid was recorded in the potential range from 0.2 

to 0.8 V vs Ag/AgCl (Figure 3.3). The signal amplitude of Pt-PPy imprinted with 

R-MA is significantly higher in a R-MA solution compared to the analogous 

experiment in S-MA. This indicates that the hybrid R-MA imprinted Pt–PPy 

preferentially converts R-MA at the platinum surface rather than S-MA. A very 

similar behavior has been observed in previous studies for the enantioselective 

electrochemistry of other chiral molecules. The discrimination of the two 

enantiomers can be ascribed to a change in partition coefficient between the 

chiral solution and the porous metal phase. One can compare the metal phase 

with a sponge that has a higher affinity for one enantiomer due to the presence 
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of the chiral cavities. Therefore, the apparent concentration of the ‘‘good’’ 

enantiomer in the metal phase is higher with respect to the ‘‘wrong’’ enantiomer. 

This leads to higher oxidation currents , and it is therefore expected that in the 

bipolar electrochemical set-up such higher currents should allow a similar 

discrimination via an electromechanical read-out. 

Figure 3.3. Differential pulse voltammetry of R-MA imprinted Pt-PPy in 50 mM 

R-MA (blue) and S-MA (red) using 50 mM HCl as supporting 

electrolyte. 

 

For the chiral actuator experiment, the free-standing hybrid Pt-PPy was 

placed at the middle of the bipolar cell with the rough surface of PPy orientated 

downwards. While applying the electric field, the chiral encoded Pt side is facing 

the negative feeder electrode and therefore will be positively polarized (δ+). As 

mentioned above, oxidation of mandelic acid, provides two electrons during the 

oxidation process. On the other hand, the PPy side is facing the positive feeder 

electrode, leading to a negative polarization potential at this extremity of the 

bipolar object. The electrons liberated by the oxidation at the Pt side are 

consumed by the reduction of PPy side, accompanied by a release of I¯ ions. 

The release of iodide preferentially occurs through the rough face of the polymer 

due to the higher active surface area. Consequently, this face of the polymer 

strip starts to shrink and induces a bending towards the rough face. The degree 

of bending should be therefore directly correlated with the number of electrons 
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available from the oxidation of mandelic acid occurring at the opposite end of 

the strip.  

The potential difference between the two feeder electrodes was 

optimized in order to identify the most suitable conditions for the chiral actuator 

in a mandelic acid solution. At potentials below 5.0 V, deformation of PPy could 

not be observed because it is not enough for the oxidation of mandelic acid at 

chiral imprinted platinum surface and the simultaneous reduction of the polymer, 

whereas for potentials above 5.5 V, fast bending of PPy could be observed. 

However, for too fast redox reactions, selectivity is less pronounced. Therefore, 

the most suitable potential is in the range between 5.2 and 5.4 V. The distance 

of the actuator extremity between the position before and during the actuation 

process has been measured in order to calculate the relative bending described 

in equation 3.1 for R-MA and S-MA solutions.  

In order to confirm the selective deformation of the hybrid material a 

control experiment using non-imprinted Pt-PPy has been also performed. It was 

found that there is no significant difference in the bending kinetics of PPy 

between R-MA and S-MA solutions as shown in Figure 3.4.  

Figure 3.4 (a) Bending as a function of time for non-imprinted Pt-PPy in 50 mM 

R-MA (blue) and S-MA (red) using 50 mM HCl as supporting 

electrolyte. (b) Images of non-imprinted hybrid PPy-Pt during chiral 

analysis in R-MA (top) and S-MA (bottom) at the beginning (green) 

and after 15 min (red).  
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The bending kinetics of the enantioselective actuator imprinted with the 

two different conformations of mandelic acid was measured using 50 mM HCl 

as a supporting electrolyte (Figure 3.5). In the case of R-MA imprinted Pt–PPy, 

the polymer strip exhibits a significant and rapid bending in R-MA solution, due 

to more efficient electrooxidation of this enantiomer. However, in a solution 

containing S-MA, the target molecules are converted more slowly, eventually 

leading to a less pronounced bending (Figure 3.5a). In contrast, the 

symmetrically opposite situation is also studied by using S-MA imprinted Pt–

PPy. As expected, the bending is now more efficient in S-MA solution compared 

to the R-MA solution (Figure 3.5b).The differentiation between the two 

enantiomers is based on the kinetics of bending, because it is directly related to 

the amplitude of the local current flowing in the bipolar object. The analytical 

information is provided by the speed of bending of these materials conditioned 

by the selective recognition via the chiral imprinted mesoporous platinum. The 

above results indicate that the bending rate is significantly different for the two 

enantiomers, and thus allows achieving a pronounced enantioselectivity of 

these hybrid materials. Therefore, at a given time, the degree of bending is 

higher for the ‘‘good’’ enantiomer compared to the ‘‘wrong’’ one. Obviously, 

when waiting for a long enough time, this difference will become smaller, 

because the polymer in the ‘‘good’’ enantiomer solution reaches its maximum 

degree of bending imposed by the experimental set-up, and therefore the 

polymer in the ‘‘wrong’’ solution will be able to catch up. 
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Figure 3.5 Bipolar electrochemical actuation of hybrid chiral Pt–PPy in 50 mM 

R-MA (blue) and S-MA (red) using 50 mM HCl as supporting 

electrolyte. Relative bending measured as a function of time for (a) 

R-MA imprinted Pt–PPy and (b) S-MA imprinted Pt–PPy. The 

pictures on the right have been taken after 6 min of applied potential. 

The green line indicates the initial position of the actuator, whereas 

red corresponds to its final position. 

 

3.4 Conclusion 

In summary, a free-standing hybrid bilayer material, chiral imprinted Pt-

PPy, has been successfully obtained by combining electrodeposition of chiral 

encoded platinum and electropolymerization of PPy. The synergistic properties 

of both materials, wireless actuation and chiral recognition, were used for 

wireless chiral analysis. The surface morphology of the hybrid material was 

smooth for both materials, Pt and PPy, and the junction between both sides 
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clearly shows the intimate interaction between them. The concept of bipolar 

electrochemistry allows oxidizing selectively the right enantiomer at the chiral 

imprinted metal surface, whereas the polymer undergoes a corresponding 

reduction process accompanied by a release of iodine anions. This leads to a 

controlled deformation of the polymer film, acting as a readout signal of the chiral 

information. This versatile approach opens interesting perspectives not only for 

purely analytical applications, because such a hybrid material can also be 

considered as the biomimetic equivalent of a muscle, which is activated only by 

one stereoisomer, thus representing the artificial version of enantioselective 

actuation schemes in the body. This study opens access to a simple concept 

combining bipolar electrochemistry and enantiomeric analysis, thus allowing 

envisioning the design of a miniaturized device for chiral analysis based on a 

straightforward wireless electromechanical readout. 



 

 

Chapter 4 

Hierarchical macro- and mesoporous nickel 

nanosheets for oxygen evolution reaction 

4.1  Introduction 

Nowadays, energy demands have been increasing rapidly owing to 

population growth and progressing technology. Normally, fossil fuel is widely 

used to produce energy, whereas its amount is depleting and the release of CO2 

causes the greenhouse effect. Finding alternative energies that are able to play 

a significant role in energy applications, and simultaneously are environmentally 

friendly and increase sustainability is one of the most important challenges for 

energy development.[192-195] For instance, the conversion of water into 

hydrogen and oxygen, also called water splitting, is one of the most fascinating 

strategies, due to the capability of being used for producing clean power and 

having the advantage of being storable.[196-201] Regarding the hydrogen 

evolution reaction (HER) at the cathodic surface during water splitting, reduction 

of water generally needs low overpotentials of around 100 mV,[202] whereas 

for the anodic part, the oxygen evolution reaction (OER), requires significantly 

higher overpotentials compared to HER, in the range of 300 to 500 mV on 

commercial platinum-based electrocatalysts, due to sluggish  electron transfer 

kinetics at the electrode interfaces.[203-205] Apart from Pt-based catalysts, Ir- 

and Ru-based catalysts are preferentially considered as one of the most efficient 

electrocatalysts for OER in acid media due to their high electrocatalytic activity 

at low overpotentials.[206] For instance, IrO2 and RuO2 nanoparticles were 

synthesized by a two-step preparation including metal nanoparticles and 

oxidation at high temperature. Both IrO2 and RuO2 nanoparticles were highly 

active for electrocatalytic OER and are currently benchmark catalysts for water 

splitting. In addition, nanoscale catalysts have been designed in order to reduce 

the noble metal content, due to a significantly higher active surface area. The 

common strategy is using conductive carbon as a support material for 
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nanoparticles. Reier and co-workers studied the intrinsic electrocatalytic activity 

of carbon supported Pt, Ru and Ir nanoparticles. Compared to bulk metals all 

catalysts exhibited a significantly improved electrocatalytic OER activity.[207] 

Nevertheless, the disadvantages of metal dissolution and high operating costs 

result in difficulties for practical industrial applications.[208-210] Therefore, 

great effort has been made in the development of alternative catalysts based on 

earth-abundant and non-precious metals, such as nickel-based 

electrocatalysts, like nickel foams,[211, 212] nickel alloys,[213, 214] nickel 

nitride,[215] nickel phosphides,[216-218] nickel selenide,[219, 220] nickel 

oxide[221, 222], layered nickel double hydroxide[223] and nickel 

hydroxide.[221, 222]   

As stated above, although there are many publications focusing on the 

improvement of nickel-based catalysts for water splitting, they often suffer from 

a small surface area and poor mass transport of oxygen molecules.[224] To 

circumvent these problems, 3D multiporous materials or hierarchical porous 

materials, composed of micropores, mesopores and macropores have been 

developed over the past decades, aiming to illustrate the synergistic effect of 

hierarchical porous structures.[43, 225, 226] Typically, templating approaches 

have been employed to generate the porous structure, and these porous 

materials have played an important role as electrocatalysts for OER, because 

of their unique properties such as a very high electroactive surface area, the 

possibility of fine-tuning the morphology and improved mass transport. In 

general, hard template and soft template approaches have been widely used for 

tuning the porous structures and catalytic properties of hierarchically organized 

porous metals and metal oxides. For instance, macro- and mesoporous 

platinum prepared by the one-step electrodeposition of platinum salts in the 

simultaneous presence of silica nanoparticles and sodium dodecyl sulfate 

(SDS) greatly enhanced the electrocatalytic performance in methanol oxidation 

owing to its higher electroactive surface area.[42]  

In order to create macroporous structures, there are two general 

techniques employed for assembling the template, namely Langmuir-Blodgett 

(LB) deposition and slow evaporation of particle suspensions. Rather 
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uncontrollable porous structures are obtained by the slow evaporation 

technique, and therefore very often LB has been preferred. LB deposition is one 

of the most useful approaches,[227-229] which is frequently employed for 

coating monolayers or multilayers of template films such as polymer and silica 

beads, by controlling the surface pressure between air and the water 

interface.[56] The LB technique, which provides exactly controllable layer-by-

layer coatings with uniform film thickness and highly ordered structure, has been 

used to design materials for various applications ranging from analysis,[57, 230] 

and sensing,[231] to separation [232] and electrocatalysis.[233] However, the 

introduction of a single type of porosity generally provides a rather low surface 

area, leading to low catalytic performance. In order to enhance the active 

surface area of a single porous structure, many strategies have been followed. 

One of the most promising approaches is the reduction of the pore size to 

micropores. However, when the pore size is too small, mass transport limitations 

inside microporous connections are often observed, leading to low 

electrocatalytic activity. Therefore, a moderate pore size has to be used.  

To design a mesoporous metal, there have been several reports about 

using the self-assembly of surfactants as mesoporous templates in which 

micelle structures can be observed when it reaches the critical micelle 

concentration (CMC).[1, 233] Over the past few decades, tuning the 

configuration of lyotropic liquid crystals (LLC) by applying a potential has been 

investigated for metal deposition, allowing an improvement of the viscosity of 

the solution in which the mesoporous phase can be formed even at 

concentrations below the CMC.[234, 235] The surfactant self-assembly is 

rearranged on the electrode surface by applying a suitable potential, revealed 

by analyzing the differential capacity in the mixture solution.[236, 237] The 

surface area of the obtained mesoporous architectures is greatly amplified when 

compared with a typical bare electrode. Furthermore, it is well-known that the 

additional surface area of mesoporous materials also depends on the pore 

structure.[231, 233, 236, 237] Although a significantly improved surface area 

can be achieved with mesoporous materials, they often suffer from the 
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disadvantages of a very small pore size, eventually resulting in diffusion 

limitations for bulky molecules penetrating the mesoporous network.  

Generally, mesopores (2-50 nm in diameter) and micropores (<2 nm in 

diameter) provide a large pore volume and high surface area in materials. 

Diffusion is the main factor of mass transport limitations in micro- and 

mesoporous materials. The transportation of compounds with similar size to 

meso- or micropores is hindered. Therefore, these small pores can be combined 

with macropores (>50 nm in diameter) which improve mass transport.[238, 239] 

In addition, the connectivity between an additional porous system and the small 

pores needs to be designed in order to maximize the performance.[23] In this 

context, the hard templating approach for the production of hierarchical porous 

materials offers a precise control of the final porous structure. 

In order to demonstrate the advantages of the synergistic effect of macro- 

and mesoporous architectures, we study here the performance of multiporous 

Ni electrodes, combining macroporous and mesoporous structures, for 

electrocatalytic OER. Hierarchical porous nickel nanosheets (Hi-Ni), integrating 

macro- and mesoporous structures are generated on a gold substrate by a two-

step electrodeposition from nickel salts: (i) the first step is the electrodeposition 

of macroporous nickel from a Ni plating bath by using a colloidal crystal 

template, followed by silica bead removal to generate the macroporous nickel 

(Macro-Ni) with well-defined structural features; (ii) the Macro-Ni is then 

employed as a new substrate for nickel electrodeposition to generate a 

mesoporous nanosheet film in a Ni plating bath containing 5 wt.% of 

polyoxyethylene (10) cetyl ether (Brij C10) as a nonionic surfactant. The 

multiporous nanosheet architectures, obtained from this combined hard and soft 

templating approach, allow increasing the electroactive surface area and 

improving the accessibility of reactant for the electrocatalytic OER in water 

splitting application. 
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4.2 Experimental section 

Chemicals  

Nickel acetate tetrahydrate (Ni(OAc)2 2H2O), nickel chloride (NiCl2), Boric 

acid, potassium hydroxide, hydrofluoric acid and polyoxyethylene (10) cetyl 

ether (Brij C10) were purchased from Sigma-Aldrich. All chemicals were used 

directly without any further purification and all solutions and the plating mixture 

were prepared using MilliQ water. 

 

Mesoporous nickel nanosheets (Meso-Ni) deposition 

A mixture containing 0.7 M nickel acetate tetrahydrate (Ni(OAc)20.7 M  

2H2O), 1.0 M nickel chloride (NiCl2), 3.0 M boric acid (B(OH)3) and 5 wt.% 

polyoxyethylene (10) cetyl ether (Brij C10) was dissolved in MilliQ water at 333 

K. Mesoporous nickel was electrodeposited by chronoamperometry at -0.75 V 

vs Ag/AgCl at a controlled temperature of 313 K in order to adjust the viscosity 

of the mixture. Subsequently, the modified electrode was cleaned with 

isopropanol and rinsed several times with MilliQ water to remove the surfactant 

from the pores. 

 

Macroporous nickel (Macro-Ni) preparation  

Silica particles of 920 nm diameter were synthesized following modified 

literature procedures,[41, 45, 56] and then used as colloidal crystal templates 

transferred onto a gold-coated glass slide by using the Langmuir-Blodgett 

technique (LB).[41-43, 45, 56] Prior to silica template deposition, the gold 

substrate was cleaned with isopropanol and plasma, respectively. The plating 

bath contains 0.7 M nickel acetate tetrahydrate (Sigma-Aldrich, 98%), 1.0 M 

nickel chloride (Sigma-Aldrich, 98%), 3.0 M boric acid (Sigma-Aldrich, >99%) in 

MilliQ water (18 MΩ). Macro-Ni was electrodeposited at -0.8 V vs Ag/AgCl at 

room temperature, and the number of deposited layers was monitored by 

chronoamperometry. The macroporous structure was visualized by scanning 

electron microscopy after removable of the template in 10% hydrofluoric acid, 

which is diluted from a commercial solution (Sigma-Aldrich, 48%) for 15 min. In 

order to prevent the degradation of nickel by hydrofluoric acid, the as-prepared 
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electrodes were rinsed with MilliQ water for 30 min to remove the acid solution 

from the pores. 

 

Hierarchical macro- and mesoporous nickel nanosheets (Hi-Ni) 

deposition 

Hi-Ni was prepared by electrodeposition of mesoporous nickel using the 

above-mentioned approach, but with a Macro-Ni electrode as a substrate. 

Typically, the electrode was immersed in the nickel bath for 15 min and then 

electrodeposition was carried out by chronoamperometry at -0.75 V vs Ag/AgCl 

and 313 K. After electrodeposition, the prepared electrode was rinsed several 

times to remove the surfactant from the hierarchical pore structure.  

 

Electrochemical Characterization 

All electrochemical measurements were performed with a µAUTOLAB 

type III and using a general electrochemical cell with a three-electrode 

compartment. Various electrodes of Meso-Ni, Macro-Ni, and Hi-Ni were used 

as working electrode, a platinum mesh and Ag/AgCl (sat. KCl) were used as a 

counter and reference electrode, respectively. The electroactive surface area of 

flat and porous Ni electrodes was obtained by cyclic voltammetry (CV) in the 

potential range of the capacitive region between 1.04 and 1.14 V vs RHE in 1 

M N2-saturated KOH at various scan rates. In order to observe the beneficial 

effect of the prepared electrodes for oxygen evolution reaction (OER), the 

electrocatalytic activity was measured by linear sweep voltammetry (LSV) in 1M  

KOH with nitrogen bubbling in the range between 1.2 V and 1.8 V at a scan rate 

of 5 mV.s-1 and the applied potentials were normalized with respect to the 

reference hydrogen electrode (RHE) (VRHE = VAg/AgCl + 0.197 V + 0.059 pH). The 

stability of the electrodes was investigated at two different potentials: (i) 1.52 

(slow OER rate) V; (ii) 1.72 V (fast rate) during 2 h of reaction time. 
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Surfactant assembly study.  

Chronoamperometry was used to investigate the effect of self-assembly of 

surfactant on the electrode surface during electrodeposition. Several gold-

coated glass slides were exposed to a solution of 5% wt Brij 56 in 3.0 M boric 

acid while applying different potentials ranging from -0.75 V to 0.1 V for 1 min. 

The surfactant modified electrodes were then rinsed with miliQ water and 

directly transferred to a 0.5M NaCl solution in order to measure the current 

decay at an applied potential of -0.1 V vs Ag/AgCl for 1 min. 

 

Compositions characterization and surface morphology  

The composition of the prepared electrode surfaces was investigated 

using a Bruker D8 ADVANCE instrument with CuKα radiation (40 kV, 40 mA) in 

the 2Ө range from 5o to 60o with a step size of 0.02 and a scan rate of 1 min-1. 

In order to investigate the surface morphologies and monitor the number of 

deposited layers on the prepared electrodes, scanning electron microscopy 

(SEM) was performed on a Hitachi TM-1000 tabletop microscope and a JEOL 

JSM-7610F. In addition, macroporous structures and nanosheet features were 

directly observed by high-resolution SEM. To show the thickness of the films, 

SEM was performed with the cross-section after cutting the electrodes. The 

composition of the prepared nickel electrodes was analyzed by Energy 

dispersive X-ray spectroscopy (EDS) which was carried out with a JEOL, JEM 

ARM 200F model with an accelerating voltage of 200 kV. 

 

4.3 Results and discussion 

Electrode fabrication 

In order to elaborate the hierarchical multiporous nickel nanosheet 

electrodes for electrocatalytic OER, we followed the preparation scheme shown 

in Scheme 4.1. In the first step, a well-defined colloidal template has been 

successfully obtained by a layer-by-layer deposition process carried out with the 

LB technique as shown in Scheme 4.1a and 4.1b. A highly ordered structure of 

silica beads was obtained due to the pressure-controlled arrangement of the 

beads at the water-air interface (Figure 4.1). Subsequently nickel metal was 
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electrodeposited from a nickel-plating solution (Scheme 4.1c and 4.1c) . The 

number of deposited nickel layers was monitored by the oscillations of the 

current during the chronoamperometric deposition as shown in Figure 4.2. The 

current density minima correspond to odd-half layers of macroporous nickel, 

and allow stopping the electrodeposition in such a way that an open porous 

structure is obtained. The Macro-Ni showed a highly-ordered honeycomb-like 

porous structure after the dissolution of the silica bead template. In the last step, 

Macro-Ni was employed as a working electrode for the electrodeposition of 

hierarchical multiporous nickel nanosheet electrodes in the nickel-plating 

solution containing non-ionic surfactant as shown in Scheme 4.1e and 4.1f.  

Scheme 4.1. Schematic illustration of the synthesis of hierarchical macro- and 

mesoporous nickel deposited on a gold-coated glass slide using a 

colloidal crystal template: a) transfer of individual layers of silica 

beads onto the substrate by the LB technique; b) final silica bead 

template; c) electrodeposition of nickel; d) silica bead dissolution 

leads to Macro-Ni; e) electrodeposition of a mesoporous nickel 

film on the internal surface of Macro-Ni using a surfactant 

assembly as a template; f) Hi-Ni after the washing step.  
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 Figure 4.1 SEM image of a substrate coated with silica beads by using the 

Langmuir-Blodgett technique.  

 

Figure 4.2 Chronoamperometric curve recorded during potentiostatic nickel 

electrodeposition through the first five half-layers of the colloidal 

silica-bead template (particle size of 920 nm diameter). 
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Porous electrode characterization  

Scanning electron microscopy (SEM) was used to observe the surface 

morphology on the prepared porous electrode surfaces. A well-ordered 

arrangement of macropores is illustrated in Figures 4.3a-c. The void spots in 

the obtained macropores correspond to the connecting windows between 

consecutive macropore layers.[42, 57] The thickness of the Macro-Ni electrode 

is around 1.3 µm, corresponding to three half-layers of pores, with a constant 

thickness over the entire area. Mesoporous nickel nanosheets are then formed 

during electrodeposition with a nickel bath in the presence of a lyotropic liquid 

crystalline phase as a mesoporogen. The mesoporous features obtained by the 

electroreduction with a deposited charge density of 5 C cm-2 are illustrated in 

Figures 4.3d and 3e. The mesoporous nanosheet texture is generated in the 

presence of non-ionic surfactant during electrodeposition even in the presence 

of only a small amount of surfactant (5 wt.%). This is due to the applied potential 

which can induce the self-assembly of micelles on the electrode substrate.[235] 

The phase diagram of self-assembled nonionic surfactant depends on the 

applied potential.[240] In other words, the tuning of the potential allows us to 

precisely control the structure of the non-ionic self-assembly.[237] At strongly 

negative potentials, a large fraction of surfactant is present at the electrode 

interface and leads to a reorganization of the spherical micelle phase into a 

lamellar micellar phase, responsible for the formation of the mesoporous 

nanosheet features. A homogeneous thickness of  ̴1.1 µm (cross section view) 

is observed by SEM (Figure 4.3f). In order to study the formation mechanism 

of the lyotropic liquid crystalline structure at the electrode interface, various 

potentials of 0.1 V, 0 V, -0.1 V, -0.25 V and -0.75V were applied to the Brij 

solution, and subsequently, the electrode was investigated by 

chronoamperometry in 0.5 M NaCl at -0.1 V vs Ag/AgCl (Figure 4.4). 

Interestingly, electrodes modified at a highly negative potential show low 

currents due to the higher packing density of micelles. This allows a controlled 

transformation from a spherical micellar phase into a lyotropic lamellar liquid 

crystalline phase.[241] Therefore, the electrodeposition leads to nanosheet 

structures when applying highly negative potentials in the presence of Brij C10. 
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This allows increasing the electroactive surface area for electrocatalytic OER. 

[242] 

Figure 4.3 Scanning electron microscope (SEM) images of Macro-Ni obtained 

by the electroreduction of nickel salt in the void space of three half-

layers of the colloidal silica template composed of beads with a 

diameter of about 920 nm (a: top view, scale bar 1 µm; b: top view, 

scale car 100 nm; c: cross section, scale bar 10 µm); Meso-Ni 

obtained by electrodepositing nickel with a charge density of 5 C cm-

2 (d: low magnification , scale bar 100 nm; e: high magnification, 

scale bar 100 nm; f:cross section, scale bar 10 µm); Hi-Ni obtained 

by the electrodeposition of Meso-Ni inside the macropores (920 nm 

diameter) with a thickness of three half-layers (g: top view, scale bar 

1 µm; h: top view, scale bar 100 nm; i: cross section, scale bar 10 

µm).  
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Figure 4.4 Chronoamperometric curve at a constant potential of -0.1V (vs 

Ag/AgCl) in pure 0.5 M NaCl supporting electrolyte to evaluate the 

surface coverage of self-assembled surfactant on the electrodes 

obtained by applying different deposition potentials: 0.1 V (orange), 

0V (green), -0.25V (blue), -0.75 V(brown) and bare Au electrode 

(red). 

 

For synthesizing hierarchical multiporous nickel electrodes, the Macro-Ni 

electrode was employed as a working electrode after colloidal silica template 

removal for the further electrodeposition in a nickel-plating solution containing 

the surfactant. The resulting metal structure, composed of macropores and 

mesoporous nanosheets is shown in Figures 4.3g and 4.3h. Mesoporous nickel 

with nanosheet features is deposited on the macroporous structure, maintaining 

still the connecting windows (red line) between the pores. The Hi-Ni film 

thickness is ~1.4 µm and is insignificantly changed compared with that of Macro-

Ni because only a few layers of Ni nanosheets were deposited (Figure 4.3i.) 

Furthermore, in order to investigate the purity of the electrode surface, which 

might affect the electroactivity for OER, the composition has been investigated 

by energy dispersive X-ray spectroscopy (EDS) as illustrated in Figure 4.5. As 
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expected, the red spots refer to nickel composition and indicate the absence of 

metal impurities (Fe) in the deposit.  

Figure 4.5 EDS mapping of Hi-Ni: Red spots indicate the nickel distribution on 

the prepared electrode in and around one macropore.  

 

In addition, in order to analyze the crystallinity and composition of 

different nickel electrodes having the similar film thickness, thin film X-ray 

diffraction (XRD) has been used as shown in Figure 4.6. The characteristic 

peaks of metallic nickel were confirmed at 2θ of 44.5, 52.0, 76.7 and 92.7 o(blue 

dots) and relate to Miller indices (hkl) corresponding to the crystal planes of 

(111), (200), (220) and (311), respectively.[243] Furthermore, oxygenated 

species (NiO, NiOOH and Ni(OH)2) could be observed due to the oxidation of 

the prepared electrodes under air atmosphere..[27] In this case, three 

characteristic peaks of a face-centered cubic phase NiO (red spots) at 37.2, 

43.2 and 62.8 corresponding to the (111), (200) and (220) diffraction planes, 

respectively, are identified.[244] In addition, NiOOH and Ni(OH)2 species were 

also obtained as indicated by the green and yellow spots. The amorphous phase 

of the gold-coated glass substrate (2θ =20º) is also visible because all 
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electrodes were prepared by using gold-coated glass. XRD results are 

complemented with EDS mapping, indicating that the electrodeposition of 

porous nickel could be achieved without any other metal impurity on the surface. 

Figure 4.6. Thin film X-ray diffraction patterns of Macro-Ni (blue), Meso-Ni (red) 

and Hi-Ni (black) having a comparable film thickness of 1.2, 1.3 and 

1.4 µm, respectively. 

 

In order to measure the electrocatalytic surface area of bare and 

prepared nickel electrodes, CVs in 1 M KOH were recorded in the range of the 

capacitive double layer region with various optimized scan rates (5, 10, 20, 50 

and 100 mV s-1) as illustrated in Figure 4.7a. To calculate the specific double 

layer capacitances of electrodes, the current density in the capacitive region is 

plotted as a function of the scan rate (Figure 4.7b). In order to measure the 

relative active surface area of the prepared nickel electrodes, a roughness factor 

(Rf) is calculated by dividing their capacitance by the capacitance of the bare 

nickel electrode obtained from I-V curves (63.3µFcm-2). The results are 

presented in Table 4.1. As expected, hierarchical multiporous nickel 

nanosheets (Hi-Ni) display the highest surface area, followed by mesoporous 
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nickel (Meso-Ni), macroporous nickel (Macro-Ni) and flat nickel, which have the 

same thickness of ~1.3 µm, respectively. This indicates that the presence of the 

porous structures can greatly enhance the electroactive surface area.  

Figure 4.7 (a) Cyclic voltammograms of a three half-layer hierarchical nickel 

electrode (Hi-Ni) measured in N2-saturated 1 M KOH with varying 

scan rates in the range of 0 to 100 mV s-1. (b) Plot of capacitance 

current density as a function of scan rate in order to determine the 

electroactive surface. 

 

Table 4.1. Experimental and theoretical roughness factors of various fresh and 

used nickel electrodes taken before and after performing OER at different 

applied potentials. 

a The relative increase in roughness factor was calculated from the capacitance 

of the measured electrode divided by the capacitance of flat Ni. (b) The 

theoretical enhancement factor (f) is given by f = nπ (4/3)1/2 
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Furthermore, in order to illustrate the relationship between the roughness 

factor (Rf) and the thickness of hierarchical multiporous nickel films, the 

roughness factor measured by CV and the thickness of the electrodes obtained 

via SEM images were plotted as shown in Figure 4.8. As expected, an increase 

in the number of electrodeposited layers causes an increase of the roughness 

factor. To compare the obtained roughness factors and the theoretical 

roughness factor values, the theoretical value of the relative surface increase 

between bare and porous nickel can be estimated based on the assumption of 

a close packed pore structure.[230] The calculated enhancement factor (f) was 

used to determine the roughness factor of n half-layer porous electrodes 

following Equation 4.1: 

                                   f = nπ (4/3)1/2                                                       (4.1) 

where n is the number of pore layers. As expected, the roughness factors 

measured from the double layer capacitive region of a one half-layer and a three 

half-layer Macro-Ni are comparable to the theoretical values (Table 4.1). To 

calculate the roughness factor of a n half-layer Hi-Ni electrode, the roughness 

factor of the one half-layer sample is used as a reference value (Rf = 6.9). Again, 

the experimental results are rather close to the theoretical values. 
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Figure 4.8 Roughness factor as a function of film thickness of Hi-Ni. 

Electrocatalytic oxygen evolution reaction (OER) 

In order to present the advantageous effect of hierarchical multiporous 

nickel nanosheets, the electrocatalytic performance of multiporous nickel films 

was studied for electrocatalytic OER via linear sweep voltammetry (LSV) in 

alkaline solution of N2-saturated 1 M KOH in the potential window from 1.2 to 

1.8 V vs RHE at a scan rate of 5 mV s-1. Figure 4.9 represents the different 

LSVs with the current density being defined as the current divided by the 

geometric surface area. Theoretically, in alkaline solution, nickel is oxidized in 

the potential range from 1.3 to 1.4 V vs RHE, indicated by the small peak in 

Figure 4.9a. The onset potential for oxygen evolution for the different nickel 

electrodes was measured by linear extrapolation of the catalytic OER curves 

according to current recommendations. Compared to flat Ni with a similar film 

thickness, the OER onset potential for Meso-Ni, Macro-Ni and Hi-Ni is only 

slightly lower (1.56, 1.55 and 1.53 V vs RHE, respectively, instead of 1.57 V for 

flat Ni), which is not so surprising because for the same class of 

material/composition, one would expect more or less identical onset potentials 

for OER. The fact that here the potentials are slightly varying might indicate that 
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not only the morphology is changing as a function of the type of electrodeposit, 

but also the ratio between different oxidized nickel species (NiO and Ni(OH)2) 

and the degree of crystallinity. 

Most importantly, the electrocatalytic OER performance of Hi-Ni is 

significantly improved as can be seen from the higher current density compared 

to electrodes with a single type of porosity. This increase is due to the synergy 

between the high surface area of the mesoporous nanosheet structure and the 

improved mass transfer enabled by the macroporous structure, eventually also 

accelerating the evacuation of oxygen from the internal part of the porous 

structure. 

The apparent onset potential for OER is also only slightly decreasing 

from 1.55 and 1.53 to 1.52 V when measuring one, three and five half-layer Hi-

Ni electrodes, for the same reasons as mentioned above (Figure 4.9b and 

Table 4.2). To further evaluate the performance of these electrodes we estimate 

the driving force necessary to achieve a current density of 10 and 100 mA-2, 

which are values comparable to what is used in solar to fuel conversion systems. 

Generally, flat Ni requires an operating potential of 1.63 V, or more than 1.80 V 

to obtain a current density of 10 mAcm-2and 100 mAcm-2, respectively.[245-248] 

Interestingly, in the case of five half-layer Hi-Ni, a significantly lower operating 

potential of 1.52 and 1.65 V is needed for a current density of 10 mAcm-2 and 

100 mAcm-2, respectively. These observations again confirm that the two-step 

electrodeposition, generating hierarchical structures, can improve the overall 

electrocatalytic performance for OER.[205] Although the values are not record 

numbers,[249] it shows that a controlled surface design allows gradual fine-

tuning of the activity, in the present case essentially because the architecture 

considerably improves the transport processes in the porous structure and 

therefore the total current.  



115 
  

 

Figure 4.9. Linear sweep voltammograms (LSVs) for various nickel electrodes 

measured in N2-saturated 1 M KOH electrolyte at a scan rate of 5 

mV s-1; (a) Effect of the type of nickel electrodes on OER activity: flat 

Ni (red), Meso-Ni (blue), three half-layer Macro-Ni (yellow), and three 

half-layer Hi-Ni (green); (b) Effect of the number of electrodeposited 

macroporous layers on OER activity: one half-layer Hi-Ni (orange), 

three half-layer Hi-Ni (green), and five half-layer Hi-Ni (black).   

 

Table 4.2. OER onset potentials and corresponding Tafel slopes of various 

nickel electrodes measured by LSV in N2 saturated 1 M KOH electrolyte at a 

scan rate of 5 mVs-1. 

 

To gain insights into the mechanistic details of the OER for the different 

nickel materials, their electrocatalytic performance is examined by recording the 
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corresponding Tafel plots (η=b× log (j/j0), where b is the Tafel slope, j is current 

density and j0 is the exchange current density). The overpotential was 

renormalized with respect to ERHE and calculated based on the thermodynamic 

value (η=EvsAg/AgCl +0.197 V+0.059 pH–1.23 V). Under the present experimental 

conditions, flat Ni, Meso-Ni, Macro-Ni and Hi-Ni exhibit Tafel slopes in the range 

from 58 to 93 mVdec-1 (Figure 4.10a).  

Typically, the OER mechanism can be divided into three elementary 

steps (Equations 4.2−4). The first OER step involves the OH adsorption on the 

nickel surface (Ni-OH, Equation 4.2). The adsorbed OH species is then 

transformed into adsorbed O (Ni−O, Equation 4.3) and finally, O2 gas can be 

produced and released from the metal surface (Ni + O2, Equation 4.4). From 

the Tafel slopes in Table 4.2, it is possible to deduce the rate-determining step 

(RDS) of the electrocatalytic OER if certain precautions are taken.[250] As 

above-mentioned, Tafel slopes for the hierarchical nickel electrodes are close 

to 60 mVdec-1, this seems to indicate that the RDS relates to the electron 

transfer during the NiO formation step.[230, 245-247]  

Ni + OH-   →   Ni−OH + e-         (OH adsorption step)       ….(4.2) 

Ni−OH + OH-   →   Ni−O + H2O + e-                                               ……….(4.3) 

Ni−O + OH-   →    2Ni + O2
                                                                  …….(4.4) 

However, Tafel slopes of single pore type structures and flat Ni are above 60 

mV dec-1. This might result from a change in the rate controlling step and the 

material preparation method.[251-253] Theoretically, a lower Tafel slope 

represents a higher reactivity for OER. The Tafel slopes of various nickel 

electrodes, flat Ni, Meso- Ni, three half-layer Macro-Ni and three half-layer Hi-

Ni, having a similar film thickness, are 92.6, 86.6, 88.5 and 59.3 mV dec-1, 

respectively. The electrodeposited Hi-Ni benefits from the synergy between the 

two types of porosity and exhibits a lower Tafel slope compared to an electrode 

with a single type of porosity (Meso-Ni or Macro-Ni). Interestingly, increasing 

the number of electrodeposited macroporous layers allows increasing the OER 

performance. One could think that increasing further the thickness of the porous 

layer might still lead to a further improvement of the catalytic currents, however 

as we could show recently by modeling and by independent experiments with 
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electroenzymatic reactions, there is an upper limit, above which it doesn’t make 

sense to further increase the thickness of the porous layer due to diffusion 

limitations.[252-254] The size of the macropores might also have an impact on 

the OER behavior. It is reasonable to assume that for a given number of pore 

layers the current should increase with the diameter of the pores. This is due to 

the fact that actually the active surface area of macroporous electrodes normally 

only depends on the number of pore layers, but not on their diameter, however 

the diffusional transport should be facilitated when the pores become larger. 

In the Figure 4.10b, the Tafel slope significantly decreases to 58.7 

mVdec-1 for five half-layer Hi-Ni, compared to the conventional Ni electrode 

(92.6 mVdec-1), which can show different values depending on its 

composition.[41] Tafel slopes can also be influenced by a low efficiency of 

current conduction in the solid portion of the film and in the pores. The related 

ohmic drop may strongly affect the characteristic catalytic features, but this 

doesn’t seem to be the case for the present hierarchical structures.[189]  

Figure 4.10 Tafel plots measured in N2-saturated 1 M KOH solutions calculated 

from LSVs for (a) various types of nickel electrodes; Meso-Ni (blue), 

three-half layer Macro-Ni (yellow), and three half-layer Hi-Ni 

(green), (b) various Hi-Ni electrodes prepared with different number 

of deposited half-layers; one half-layer Hi-Ni (orange), three half-

layer Hi-Ni (green), five half-layer Hi-Ni (black). 

 

In addition to the reactivity, an important aspect in catalytic systems is 

the stability of the electrochemical activity. This was investigated by 

chronoamperometry in 1 M KOH at an applied potential of 1.52 and 1.72 V (vs. 
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RHE) for 2 h, as illustrated in Figure 4.11. At 1.52 V (Figure 4.11a), the average 

current density of three half-layer Hi-Ni is 6.3 mAcm-2, which represents the best 

electrochemical performance and stability, whereas the measured current 

densities of Meso-Ni, Macro-Ni, and flat-Ni are significantly lower; in particular, 

the current density of flat Ni is only 1.2 mA cm-2. A structure with only five half-

layers of Hi-Ni leads already to a current enhancement of around one order of 

magnitude compared to a flat surface. At a higher applied potential of 1.72 V, 

flat Ni represents unsatisfactory stability of the signal with a rapid decrease in 

current density already after a few seconds as shown in Figure 4.11b. In 

contrast to this, Hi-Ni exhibits a much better current stability at the same applied 

potential. In addition, a gradual increase of current density was obtained for Hi-

Ni as a function of the number of deposited layers (Figures 4.11c and 4.11d). 

The less pronounced decay in current for these latter electrodes might come 

from the fact that the formation of (nano)bubbles that often block the surface is 

less favorable on such structured interfaces, compared to a flat electrode where 

bubbles can stick more easily.[51] It should be noted that after the electrodes 

were used for the electrocatalytic reaction, their roughness factor increased 

(Table 4.1). We suppose that the continuous evolution of gas creates 

mechanical stress in the porous structures and therefore results in a further 

roughening of the material as can be seen from the SEM images in Figure 4.12. 
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Figure 4.11 Chronoamperometry in 1 M KOH with various nickel electrodes at 

two different applied potentials; (a, b) Effect of the type of nickel on 

the electrocatalytic activity and stability, flat Ni (red); mesoporous Ni 

(blue); macroporous Ni (yellow) and hierarchical porous Ni (green) 

at an applied potential of 1.52 and 1.72 V (vs RHE), respectively. (c, 

d) Effect of the number of the deposited layers of hierarchical porous 

Ni on the electrocatalytic activity and stability; one half-layer 

(orange), three-half layer (green) and five-half layer (black) at a 

potential of 1.52 mV and 1.72 (vs Ag/AgCl), respectively.  
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Figure 4.12 Surface morphology comparison of Meso-Ni at a) before and b) 

after catalytic testing. 

 

4.4 Conclusion 

In this work, we have successfully developed hierarchically structured 

porous nickel electrodes via a two-step electrodeposition process in the 

presence of silica beads and surfactant as templates to control the macro- and 

mesoporous structure, respectively. Highly ordered hierarchical porous 

structures with nanosheet morphologies improve the electrocatalytic active 

surface area compared to nickel with a single porosity. In addition, the 

synergetic effect of mesoporous and macroporous structures enhances the 

electrocatalytic current density by one order of magnitude and also improves 

the stability. This well-controlled design of multiporous structures constitutes a 

promising concept in the frame of the development of electrocatalysts for water 

splitting applications and might be also extended to other electrode materials.



 

 

Chapter 5 

Thesis perspectives 

 The presented studies, which have been performed in this thesis, were 

focusing on the following aspects: (i) the enantioselective electrosynthesis of 

chiral compounds at chiral imprinted mesoporous noble and non-noble metals 

such as platinum and nickel, based on a promising strategy, namely pulsed 

electrochemical conversion; (ii) the chiral discrimination of racemic tryptophan, 

tyrosine and naproxen in the microchannel of a microfluidic device, modified with 

chiral-encoded platinum as a conductive stationary phase, fine-tuned by 

applying a potential; (iii) the enantioselective actuation of chiral imprinted 

platinum-polypyrrole hybrid films with dual functionality, combining polymer 

deformation and chiral recognition in mandelic acid solutions triggered by bipolar 

electrochemistry; (iv) the electrocatalytic oxygen evolution reaction in alkaline 

media using specifically designed hierarchical macro- and mesoporous nickel 

nanosheet electrodes. 

As for the first work, not only noble metals such as platinum but also 

earth-abundant non-noble metals, such as nickel, could be used as an 

alternative for encoding chiral information. The chiral-encoded mesoporous 

nickel electrodes have been successfully electrodeposited in the presence of 

phenylethanol, nickel salt and a lyotropic liquid crystal as a chiral template, metal 

source and mesoporogen, respectively. The presence of mesopores, the 

elemental composition and the chiral recognition properties of the prepared 

electrodes were confirmed by electrochemical characterization. Moreover, 

asymmetric synthesis using an original technique, namely pulsed 

electroconversion, has been introduced to improve the enantiomeric excess with 

respect to conventional steady-state electrosynthesis. The promising results 

open up new perspectives for chiral synthesis. Firstly, this example allowed 

extending the concept of using earth-abundant transition metals instead of 

platinum. However, due to the low stability of earth-abundant metals and a lower 

selectivity for hydrogenation, the efficiency of monometallic non-noble metals 
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should be improved, for example, by combining with other metals such as 

platinum and palladium to produce molecularly encoded bimetallic surfaces. 

Such advanced materials could increase the stability and electrocatalytic 

performance for hydrogenation with chiral metal films. Although the use of 

pulsed electrochemistry for electroreduction of prochiral molecules can greatly 

improve the enantiomeric excess, the conditions of pulsed synthesis require a 

very long time for the synthesis due to a long relaxation period. Therefore, three 

parameters including pulse time, relaxation time and applied potential, need to 

be optimized in the future. Subsequently, because of diffusion limitations of 

reactants and products in the mesopores, the introduction of additional 

macropores could help to improve these transport problems. By the combination 

of mesoporous and macroporous structures, the synergistic effect of both 

porous structures would lead to a high electroactive surface area and good mass 

transport. Finally, in this work chiral phenylethanol was chosen as a model 

template, however, none of the literature reports have used pharmaceutical 

compounds as chiral template molecules. Therefore, the most interesting 

perspective of this part of the work is replacing the phenylethanol template by 

real pharmaceutical compounds, for example naproxen.  

Concerning the second part, chiral imprinted mesoporous platinum was 

used for the first time as a chiral stationary phase in a microfluidic device.  

Interestingly, by fine-tuning the potential, complete baseline separation of two 

corresponding enantiomers was observed. However, in this work we also 

examined the chiral separation of tyrosine and naproxen using chiral platinum 

imprinted with tryptophan. Although complete baseline separation could not be 

observed in this case, the length of the stationary phase and the density of 

imprinted site might be optimized in order to increase the chiral separation 

efficiency. In addition, because the chiral stationary phase was made out of Pt, 

which is a precious and expensive metal, it would also be interesting to test 

earth-abundant metals and bimetallic materials as a stationary phase in the 

future. Moreover, the concept might be extended also to the separation of 

mixtures of non-chiral compounds. Besides, such a microfluidic device could 

also be used as a microreactor with a continuous flow of reactants along the 
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microchannel. In such a case, the advantages of chiral imprinted mesoporous 

platinum would allow simultaneously the enantioselective synthesis and the 

separation of by-products.  

With respect to the third part of the work, a free-standing film of hybrid 

chiral imprinted Pt-PPy was electrodeposited and electropolymerized by a two-

step preparation concept, and subsequently used as an enantioselective 

actuator. The unique features of both components, chiral recognition and 

wireless actuation abilities, were combined in a synergistic way. The use of such 

a wireless actuator might be extended to the analysis of other chiral molecules, 

for instance amino acids, DOPA and phenylethanol. The possibility of a direct 

readout with naked eyes might be advantageous for the design of a portable 

detector for real-time detection, which can quantitatively measure chiral 

compounds. However, the sensitivity of the chiral recognition still needs to be 

improved. For the moment, the chiral information is only in the platinum matrix, 

but it might be also interesting to imprint the polypyrrole part and in this way 

enhance the recognition efficiency.  

Apart from the design of mesoporous materials with a single type of 

porosity, in this work we also illustrated the concept of hierarchical macro-

mesoporous metals for the electrocatalytic oxygen evolution reaction in basic 

media. In this case, a hierarchically structured porous electrode has been 

successfully prepared by the two-step electrodeposition of nickel in the presence 

of a hard and a soft template. The electrocatalytic performance and stability of 

the multiporous electrode was greatly improved compared to electrodes with a 

single type of porosity or flat electrodes. However, with a pure nickel surface, 

the system requires rather high overpotential, and therefore, to overcome this 

drawbacks, bimetallic or trimetallic materials, such as NiFe and NiFeMo should 

be studied. In order to tackle real energy conversion applications, water splitting 

needs the combination of two reactions, oxygen evolution reaction and hydrogen 

evolution reaction. Therefore the results of this work might be extended to 

hydrogen evolution and subsequently both porous electrodes could be 

combined. Moreover, in order to create an advanced system for water splitting, 

it would be an interesting perspective to combine such a cell with a solar cell.  
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In summary, this thesis demonstrated that porous materials are very 

useful for a wide range of potential applications including catalysis, separation, 

synthesis and analysis. The design of porous matrices can be perfectly 

controlled by the use of a soft and/or hard template, leading to structures with 

unique and fascinating properties, that have many promising perspectives in 

various areas, including the pharmaceutical and medical sector and energy 

conversion.



 

 

Design de Matériaux Poreux pour des Applications 

Électrochimiques  

 

Résumé 

 

Sunpet Assavapanumat 

 

La conception de matériaux poreux hautement ordonnés est l'une des 

stratégies cruciales qui est largement utilisée dans le domaine l'ingénierie des 

matériaux. La génération d’une porosité hautement contrôlée offre des 

avantages remarquables tels qu'une structure ordonnée, une grande surface 

active, une sélectivité de forme et un système de pores interconnectés en trois 

dimensions. Par conséquent, les efforts de recherche dans le cadre de 

matériaux poreux ordonnés ont été concentrés sur la conception, la synthèse et 

les applications, notamment dans les domaines de l'analyse, de la catalyse, de 

l'adsorption, de la séparation ou de la conversion et du stockage de l'énergie. 

Diverses stratégies de synthèse pour les matrices poreuses ont été étudiées et 

développées au cours des dernières décennies et on peut conclure que les 

stratégies les plus efficaces pour la synthèse de structures poreuses avancées 

sont basées sur des approches de type « template ». Elles peuvent être 

classées en deux familles en fonction du type de template ou moule utilisé lors 

de la synthèse des matériaux poreux: (i) les moules souples et (ii) les moules 

durs. Dans le premier cas la porosité est introduite dans la matrice en utilisant 

des molécules amphiphiles, qui sont composés d'une tête hydrophile et d'une 

queue hydrophobe pour former des micelles ou des cristaux liquides lyotropes. 

La structure et la porosité du matériau synthétisé peuvent être facilement 

contrôlées par la concentration, la température et les types de tensioactifs 

utilisés. De manière complémentaire, les moules durs sont également très 

intéressant pour obtenir des matériaux poreux avec une structure bien définie. 

Le matériau poreux synthétisé reproduit le moule avec une morphologie inverse. 

En raison des caractéristiques bénéfiques complémentaires des structures 
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poreuses obtenues, nous avons concentré nos travaux sur les propriétés 

électrochimiques et l'utilisation de matériaux poreux hautement ordonnés qui 

sont préparés via des méthodes utilisant des moules durs et/ou mous. 

Pour la synthèse de matériaux nanostructurés, l'électrodéposition de 

platine mésoporeux a été largement étudiée en présence d'une phase cristalline 

liquide lyotrope, conduisant à une structure poreuse bien définie et une grande 

surface spécifique. [1] Le platine mésoporeux à empreinte chirale a été préparé 

par électrodéposition de platine en présence d'une certaine quantité d'un 

tensioactif non-ionique et de molécules chirales pour façonner la matrice, ce qui 

améliore significativement la surface électroactive et permet de discriminer deux 

énantiomères. [2] En raison des avantages de la reconnaissance asymétrique 

sur les surfaces poreuses, du platine mésoporeux avec une empreinte chirale a 

été utilisé pour la synthèse asymétrique de composés chiraux, conduisant à un 

excès énantiomérique des molécules chirales correspondantes d'environ 

20%.[3] 

Dans cette thèse, le platine mésoporeux à empreinte chirale a d'abord 

été utilisé comme électrocatalyseur pour la synthèse énantiomérique via des 

méthodes électrochimiques conventionnelles. Cependant, en raison de la 

présence de sites non imprimés sur les surfaces externes des électrodes et des 

limitations de diffusion du réactif et du produit dans les canaux mésoporeux, 

seul un faible excès énantiomérique a été observé. Par conséquent, un autre 

concept d'électrosynthèse a été proposé, appelé "électroconversion pulsée", où 

les limitations de diffusion des composés dans les mésopores sont minimisées 

en contrôlant les périodes d'électroréduction et les temps de relaxation.[4] Dans 

ce cas, l'électrochimie pulsée permet d'atteindre un excès énantiomérique 

supérieur à 90%. De plus, afin d'étendre la portée de la synthèse asymétrique, 

un métal alternatif qui est un métal non-noble, abondant et bon marché comme 

le nickel, a été étudié.[5] Les surfaces conçues permettent non seulement une 

discrimination énantiosélective entre deux configurations chirales en utilisant 

l'électrosynthèse conventionnelle, mais, plus important encore, un excès 

énantiomérique important allant jusqu'à 80% a été obtenu dans des conditions 

pulsées. Par conséquent, ces résultats représentent une extension cruciale du 
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concept d'électrosynthèse pulsée et d'impression chirale aux métaux non-

nobles utilisés pour la synthèse de produits chiraux à haute valeur ajoutée. 

De plus, nous avons également concentré nos efforts de recherche sur 

la possibilité d'utiliser de telles structures métalliques pour la 

séparation/élimination de la configuration chirale non-souhaitée après une 

synthèse asymétrique. En effet, certains énantiomères peuvent présenter un 

effet négatif sur des systèmes biologiques tels que les enzymes ou le corps 

humain, nécessitant la séparation et la purification des mélanges racémiques 

afin d'obtenir un seul énantiomère. Par conséquent, l’ajustement du potentiel 

électrique d’une surface chirale a été proposé pour contrôler l'énantioaffinité, 

permettant d'optimiser l’interaction entre les molécules chirales, telles que le 

tryptophane, et les surfaces de platine mésoporeuses à empreinte chirale, qui 

ont été utilisées comme phase stationnaire chirale dans des dispositifs 

microfluidiques. [6] Ce concept est basé sur une amélioration des interactions 

électrostatiques entre les molécules déprotonées, chargées négativement, et la 

surface de platine chargée positivement. Pour des potentiels appropriés, les 

surfaces métalliques à empreinte chirale montrent également une stabilité 

élevée, même après un mois. De plus, des molécules pharmaceutiques peuvent 

être séparées dans ces canaux de platine imprimés. Par conséquent, cette 

approche est une stratégie simple et prometteuse pour enrichir la panoplie des 

technologies basées sur la reconnaissance chirale, en raison des propriétés 

énantiomèriques, de la stabilité élevée et de la simplicité de fabrication de ces 

surfaces métalliques. 

 Enfin, le platine mésoporeux à empreinte chirale a été combiné dans un 

matériau hybride avec un polymère conducteur, le polypyrrole (PPy), afin de 

bénéficier de la synergie des propriétés spécifiques de ces deux composants. 

Récemment, des films PPy ont été intégrés dans une expérience 

d’électrochimie bipolaire pour développer des actionneurs sans fil.[7] Les films 

hybrides chiraux platine-PPy ont été synthétisés par électrodéposition de platine 

imprimé avec une information chirale et par électropolymérisation du pyrrole. 

Les caractéristiques uniques des deux composants, la reconnaissance chirale 

et les capacités d'actionnement sans fil, ont été combinées pour développer des 
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actionneurs énantiosélectifs. Le concept sous-jacent d'électrochimie bipolaire 

permet l'oxydation sélective d'un énantiomère par le métal chiral, tandis que le 

polymère subit un processus de réduction correspondant, couplé à une 

libération d'anions. Cela conduit à une déformation contrôlée du film de 

polymère, agissant comme un signal de lecture des informations chirales. Cette 

approche polyvalente ouvre des perspectives intéressantes allant bien au-delà 

de simples considérations analytiques, car un tel matériau hybride peut 

également être considéré comme l'équivalent biomimétique d'un muscle qui 

n'est activé que par un stéréoisomère, représentant ainsi la version artificielle 

de schémas d'actionnement énantiosélectifs dans le corps.  

Outre l'approche utilisant un moule souple pour créer un seul type de 

pores, l’emploi d’un moule dur est une autre méthode intéressante pour la 

synthèse de nanostructures poreuses qui reproduisent l’inverse de la structure 

du moule. Par conséquent, des nanofeuilles de nickel multiporeuses ont été 

synthétisées par une électrodéposition de nickel en deux étapes en présence 

de billes de silice et un assemblage de tensioactif non-ionique, afin de générer 

simultanément une structure macro- et mésoporeuse. Les nanofeuilles de nickel 

avec une porosité hiérarchique ont été utilisées pour étudier l'évolution 

électrocatalytique de l'oxygène, qui est d'une importance majeure dans le 

domaine de la conversion et du stockage de l'énergie. Fait intéressant, l'effet 

synergique de ces structures méso- et macroporeuses hautement ordonnées 

peut augmenter les performances électrocatalytiques pour la réaction de 

dégagement d'oxygène d'un ordre de grandeur en termes de densité de courant 

par rapport aux électrodes en nickel conventionnelles, combinées avec une 

meilleure stabilité. Ainsi, cette conception avancée de nickel multiporeux conduit 

à une structure remarquable et à des performances électrocatalytiques 

nettement améliorées et très prometteuses. 

 

 

Mots clés: Impression moléculaire; Métaux mesoporeux; Reconnaissance 

chirale; Enantiosélectivité; Enantioaffinité; Porosité hiérarchique; 

Electrocatalyse 
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Design of Porous Materials for Electrochemical 

Applications 

 

Summary 

Sunpet Assavapanumat 

 

The advanced design of highly ordered porous materials is one of the 

crucially important strategies that is wildly used for material engineering. The 

controlled porosity provides remarkable advantages such as a sophisticated 

structure, a large interfacial area, shape selectivity and a three-dimensionally 

interconnected pore system. Thus, research efforts in the frame of highly 

ordered porous materials have been devoted to the design, synthesis and 

application, for instance in the field of analysis, catalysis, adsorption, separation 

and energy conversion or storage. Various synthesis strategies for porous 

matrices have been studied and developed over the last decades, and it can be 

concluded that the most efficient strategies for advanced synthesis of porous 

frameworks are templating methods. They can be categorized into two families: 

(i) soft templating approach and (ii) hard templating approach, which are 

classified by the type of template used during the porous material synthesis. 

Firstly, a soft template introduces porous structures in the matrix by using 

amphiphilic molecules, composed of a hydrophilic head and a hydrophobic tail, 

to form micelles or lyotropic liquid crystals. The structure and porosity of the 

synthesized material can be easily controlled by concentration, temperature and 

types of surfactants. Secondly, a hard template is a convenient preparation 

method to obtain porous materials with a well-defined structure. The synthesized 

porous material replicates the template with the inverse morphology of the mold. 

Due to the complementary beneficial features of the obtained porous structures, 

we have focused our work on the electrochemical utility of highly ordered porous 

materials that are prepared via soft and/or hard templating methods. 

For the synthesis of nanostructured materials, the electrodeposition of 

mesoporous platinum has been extensively studied in the presence of a 
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lyotropic liquid crystalline phase with a well-defined mesoporous structure and 

high specific surface area.[1] Chiral imprinted mesoporous platinum has been 

prepared via electrodeposition of platinum salt in the presence of a certain 

amount of a non-ionic surfactant and chiral template molecules, resulting in 

significantly enhanced electroactive surface area and discrimination between 

two enantiomers. [2] Due to the benefits of asymmetric recognition on the porous 

surfaces, chiral encoded mesoporous platinum has been employed for the 

asymmetric synthesis of chiral compounds, leading to an enantiomeric excess 

of the corresponding chiral molecules of about 20%. [3]  

In this thesis, chiral encoded mesoporous platinum has been first used 

as electrocatalyst for enantiomeric synthesis with conventional electrochemistry. 

However, because of the non-imprinted site at the external electrode surfaces 

and diffusion limitations of reactant and product in the mesoporous channels, 

only low enantiomeric excess has been observed. Therefore, a new concept of 

electrosynthesis has been proposed which is called “pulsed electroconversion”, 

in which the diffusion limitations of the compounds in the mesoporous framework 

are minimized by controlling the electroreduction time and relaxation time.[4] In 

strong contrast, pulse electrochemistry allows reaching an enantiomeric excess 

of above 90%. Moreover, in order to extend the scope of asymmetric synthesis, 

an alternative metal which is a non-noble, abundant and cheap metal, such as 

nickel, has been investigated.[5] The designed surface layers not only allow the 

enantioselective discrimination between two chiral configurations using 

conventional electrosynthesis, but also a very significant enantiomeric excess of 

up to 80% has been obtained when using pulsed synthesis. Therefore, these 

results are a crucial extension of the concept of pulsed electrosynthesis and 

chiral imprinting to non-noble metals employed for the chiral synthesis of high-

added-value products.   

In addition, we were also focusing our research efforts on the possibility 

to use such metal structures for the separation/removal of the undesired chiral 

configuration after asymmetric synthesis. As some enantiomers can exhibit a 

negative effect on biological systems such as enzymes or the human body, 

racemic mixtures need to be separated and purified in order to obtain a single 
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enantiomer. Therefore, the concept of potential induced fine-tuning of the 

enantioaffinity has been proposed, allowing to improve the binding affinity of 

chiral molecules, such as tryptophan, on chiral imprinted mesoporous platinum 

surfaces which has been employed as a chiral stationary phase of microfluidic 

devices.[6] This concept is based on the additional electrostatic interactions 

between deprotonated, negatively charged, molecules and the positively 

charged platinum surface. Consequently, the binding affinity can be fine-tuned 

by controlling the external potential. At a suitable applied potential, the chiral 

imprinted metal surfaces also present a high stability even after operating for a 

month. Furthermore, even pharmaceutically relevant molecules can be 

separated in these imprinted platinum channels. Therefore, this approach is a 

straightforward and promising strategy for chiral technologies due to the tunable 

enantiomeric properties, high stability and facile fabrication. 

Finally, chiral encoded mesoporous platinum has been combined in a 

hybrid material together with conductive polypyrrole (PPy) in order to benefit in 

a synergistic way from the specific properties of these two components. 

Recently, PPy free-standing films have been integrated in a bipolar 

electrochemical set-up which can be used for the developing wireless 

actuators.[7] The chiral platinum-PPy hybrid films have been synthesized by 

electrodeposition of chiral encoded platinum and electropolymerization of 

pyrrole. The unique features of both components, chiral recognition and wireless 

actuation abilities, are combined in a synergistic way for developing 

enantioselective actuators. The underlying concept of bipolar electrochemistry 

allows the selective oxidation of one enantiomer at the chiral metal, whereas the 

polymer undergoes a corresponding reduction process, coupled with a release 

of anions. This leads to a controlled deformation of the polymer film, acting as a 

readout signal of the chiral information. This versatile approach opens up 

interesting perspectives going far beyond pure analytical considerations, 

because such a hybrid material can be considered as the biomimetic equivalent 

of a muscle, which is activated only by one stereoisomer, thus representing the 

artificial version of enantioselective actuation schemes in the body. 
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Apart from the soft templating approach for creating a single type of pore 

structures, hard templating is another interesting method for the synthesis of 

porous nanostructures which inversely replicate the structure of the hard 

template. Hence, multiporous nickel nanosheets have been synthesized by a 

templated two-step electrodeposition of nickel in the presence of silica beads 

and an assembly of nonionic surfactant in order to generate a combined macro- 

and mesoporous structure. The hierarchical multiporous nickel nanosheets have 

been used for electrocatalytic oxygen evolution (OER), which is a crucially 

important ingredient for energy conversion and storage. Interestingly, the 

synergistic effect of these highly ordered meso- and macroporous structures can 

increase the electrocatalytic performance for oxygen evolution reaction by one 

order of magnitude in terms of current density compared to conventional nickel 

electrodes, combined with a better stability. This advanced design of 

multiporous nickel leads to a remarkable structure and significantly improved 

electrocatalytic performance in various electrochemical applications.  

 

 

Keywords: Molecular imprinting, Mesoporous metals, Chiral recognition, 

Enantioselectivity, Enantioaffinity, Hierarchical porosity, multiporous nickel 

nanosheets, Electrocatalysis  
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