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PREFACE
 

“New electrochemical strategies for synthesising micro- and nano-structures” distil 

the knowledge gained through my PhD formation at University of Barcelona. The 

research described herein was conducted under the supervision of Prof. Vallés and 

Prof. Gómez in the Department of Materials Science and Physical Chemistry of 

Barcelona University.  

The present thesis is organized in eight chapters, in which several published papers 

with our original results have been included in order to discuss and analyse our work. 

The first ones introduce the electrodeposition (Chapter 1) – history, theoretical 

fundaments, advantages and disadvantages and introduce the state-of-the-art of 

electrochemical micro- and nano-fabrication –, the aims (Chapter 2) and the 

experimental details (Chapter 3) of our research. The following chapters can be 

grouped into three main areas as:  

- Electrochemical microfabrication of copper patterns on to large substrates 

using a mask-less method (Chapter 4). This work was developed at Newcastle 

University under the supervision of Prof. Roy.  

- Microemulsions as new electrodeposition templates of nanostructures of Co-

based materials (Chapter 5). 

- New electrochemical strategies for synthesising mesoporous nanomaterials for 

catalysis or drug delivery (Chapter 6). 

To complete the thesis, the main conclusions obtained are collected in Chapter 7, 

while a summary of the thesis in Catalan language is given in Chapter 8.  

I hope that the reader could grasp in the present thesis something that could be 

interesting for him/her at the same time that I wish that our work also contributing in 

the development and improvement of our society.  

 



- 2 - 

 

 



3 
 

 

 

 
 

 
CHAPTER 1 

INTRODUCTION 
 

 

 

 

 

 

 

 



 Introduction 

 

 

- 4 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 Introduction 

 

 

- 5 - 

 

 

In recent years, scientists have spent considerable effort on the development of new 

materials, with new properties and characteristics, and new methods of synthesis, in 

order to meet the demands of a market that is constantly evolving. In this sense, it is 

very important to recognize that individual contributions often seem irrelevant, but it 

must be emphasized that global efforts (holistically considered) are the engine of 

change, evolution and improvement in our society. In my opinion, it is important 

contextualize our results, strategies, objectives and approaches that will be presented 

and discussed in the present work, as well as the different future works that can 

improve our research, as a fundamental step to contribute to further progress towards 

a better world.  

Therefore, this section aims to illustrate some of the issues displayed in the title of the 

present thesis. In this sense, it is fundamental to introduce electrochemical deposition, 

or electrodeposition for short, as a basis for our new methodologies/strategies for 

synthesizing micro- and nano-scale materials, mainly magnetic nanomaterials, which 

could be tested as electrocatalysts and drug delivery systems, amongst other uses. 

Moreover, I will discuss other aspects of electrodeposition also considered important 

in order to justify our preference for electrodeposition (i.e. to try to discern the 

advantages and disadvantages, the role played in history and prior advances in the 

field of nanoscience and nanotechnology). 
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A good story should always start at the beginning; however, nobody knows for sure 

when and where electrodeposition began. Electrochemical deposition by circulating a 

current thorough an electrochemical cell from an external source had to await the 

invention of this source, which was invented by Alessandro Volta (1745-1827) in 

1800 [1 – 3]; however, electroless deposition, i.e., a deposition method that occurs 

without the use of external electrical power, has been around for nearly 3000 years. It 

is exemplified by the presence of several objects covered with a thin layer of copper 

discovered in the tombs of Thebes and Memphis (Egypt) [4, 5]. Moreover, another 

example from nearly 2000 years ago, based on the galvanic displacement reaction, is 

the Loma Negra miniature copper mask (coast of Peru), in which a decorative thin 

gold layer was discovered after removal the green cooper corrosion (Figure 1.1), 

which was assumed to have been formed by electrochemical galvanic replacement [6, 

7]. In this sense, it is important to note that different examples can be presented in 

which it is evident that the use of electroless and galvanic displacement deposition 

processes were used. Both electroless and galvanic displacement deposition remain an 

active area of research and innovation (e.g. galvanic displacement was also used in 

this work). 

In the 1780s, after Lavoisier (1743-1794) had formulated the laws of conservation of 

mass [8, 9]; Luigi Galvani (1737-1798) performed a series of experiments with 

animals, beginning with dissected frogs. He discovered electrical activity in the 

nerves of the frogs that he was dissecting, observing that there were convulsive 

movements of the frog when two metals were made to touch each other while one 

metal was in contact with a nerve and the other was in contact with a muscle of the 

frog. On the basis of these experiments, he thought that electricity was inherent in the 

animal itself [10, 11]. It is important to note that these experiments were fundamental 

to the experiments of Volta, as a few years later in 1800 he discovered the voltaic 

pile, i.e. electricity could be produced through inorganic means, which could be 
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presented as the beginning of electrodeposition. In 1805, modern electrochemical 

deposition was introduced by the Italian chemist Brugnatelli (1761-1818), who started 

experimenting with the “voltaic pile” and various solutions; he performed the first 

electrodeposition, probably the first modern deposition, as chemical/physical vapor 

deposition would not come about for more than 100 years. Brugnatelli's experiments 

allowed him to deposit fine particles of zinc, silver, copper and gold over large silver 

metal substrates; however, his work was rejected and suppressed by the French 

Academy of Science [12 – 14]. It is important emphasize that, at the same time, and 

independently in London, Cruickshank deposited copper [15 – 17]. In 1837, Wright 

(1808-1844) in Birmingham proposed a system based on a potassium cyanide 

electrolyte as the most suitable media for the electrodeposition of gold and silver. 

Soon after, in 1839, George Richard Elkington (1801-1865) and Henry Elkington 

(1789-1851) published the first electrolytic process for the deposition of silver and 

gold [15 – 17]. These discoveries were fundamental to the quasi-simultaneous 

experiments performed by Von Jacobi (1801-1874) in St. Petersburg (Russia), and 

Jordan (1799-1867) and Spencer (1802-1881) in London, who between 1837 and 

1839 plated coatings of copper for the first time by direct current, leading to the birth 

of copper electroplating [15 – 17]. Electroplating quickly became popular in Russia, 

with scientists like Bargrationi, Lenz, and Odyevski also contributing to the further 

development of this technology.  

 

Figure 1.1: Miniature mask from Loma Negra (Cost of Peru). Figure extracted, and then 

adapted, from reference 6.  
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George Richard and Henry Elkington obtained the first patent for electroplating 

(1840) of gold and silver, and then founded the electroplating industry in 

Birmingham, from where it spread around the world [15 – 17]. In France, the patented 

process of deposition of silver and gold had great commercial success, and Christofle, 

who bought the patents, soon acquired great fame in the field of jewelry making. 

From 1860, the electrodeposition of gold grew considerably from the industrial point 

of view, but not from the technological point of view; however, from 1940 this 

changed considerably as a consequence of the electronics industry. Silver coating was 

initially merely decorative (jewelry and cutlery), but was then extended to other fields 

such as electronics and mirror manufacturing, amongst others. Therefore, from 1850, 

the development of electroplating of precious metals continued as an electrochemical 

science with important implications in industry and therefore the electrodeposition 

process was initially understood, and other interesting decorative processes were also 

developed. During the 1850s, industrial coatings for corrosion prevention, especially 

iron and ferrous alloys, were investigated. In this sense, it is important to recognize 

the important successes of industrial coatings of zinc, cadmium, tin, nickel and 

chromium, along with copper, used for that purpose, as well as those of brass and 

bronze alloys [18 – 19].  

In parallel with the development of new processes, considerable effort has been 

devoted to gaining a fundamental understanding of electrochemistry. In this sense, it 

is high important to highlight the modeling and study of electrochemistry performed 

by Faraday (1791-1867) and Daniell (1790-1845). All of Michael Faraday’s major 

contributions and discoveries to science were in the area of electricity and 

electromagnetism, including electromagnetic rotation (1821), gas liquefaction and 

refrigeration (1823), the discovery of benzene (1825), the law of induction (1831), 

Faraday’s law of electrolysis (1834), the invention of the Faraday Cage (1835), the 

Faraday effect – a magneto-optical effect (1845), and diamagnetism as a property of 

all matter (1845). The discovery of Faraday’s law of electrolysis was especially 

important, and is vital to our understanding of electrode reactions and what happens at 

the interface of an electrode and an ionic substance. Faraday was one of the major 

players in founding the new science of electrochemistry [20 – 23]. Daniell became 

deeply interested in the work of Faraday and turned electrochemistry for his main 

research interest, especially to solve the major problem of voltaic piles, which could 



 Introduction 

 

 

- 9 - 

 

not provide current for a sustained period of time as a consequence of polarization. In 

1836, Daniell invented a primary cell in which hydrogen was eliminated in the 

generation of electricity; he had therefore solved the problem of polarization. In his 

laboratory, he had learned to alloy the amalgamated zinc of Sturgeon with mercury. 

His version was the first of the two-fluid class of battery and the first battery that 

produced a constant reliable source of electrical current over a long period of time 

[24, 25]. These experiments and contributions were essential in order to develop and 

understand electrodeposition. Therefore, the initial inspiration for electrochemistry 

might have come from the famous frog leg experiments of Galvani, who concluded 

that the phenomenon was of biological origin, and was then discussed by Volta. 

However, we should go back to the XVI century in order to localize the first 

experiment with electricity, when Gilbert (1544-1603) devised methods to produce as 

well as strengthen magnets. However, a metamorphosis took place with the essential 

contributions of Faraday and Daniell, leading to a multidisciplinary branch of science 

that has provided innumerable contributions over several centuries and that now 

encompasses chemistry, physics, biology and chemical engineering.  

The electroplating industry received a big boost from the advent of the development 

of electrical generators in the late of XIX century and therefore significant 

improvements from a technological point of view (the possibility to perform 

electrodeposition without DC power limitations). Moreover, the period from 1870 to 

1940 was a quiet period for electroplating, in which development was focused on the 

production of metal machine components, such as automotive parts that required 

corrosion protection and enhanced wear properties (better appearance).  

From a scientific point of view, it is important highlight that in 1905 Tafel (1862-

1918) experimentally established the linear relation between the overpotential (𝜂) and 

logarithm of current density (log 𝑗), which is fundamental as a basic concept in 

electrodeposition: overpotential is defined as the difference between the potential of 

the electrode, 𝐸(𝐼), through which the external current (𝐼) is flowing and the 

equilibrium potential, 𝐸𝑒𝑞 [26]. 

On the other hand, the two world wars provided important motivation to further 

develop or improve electroplating processes. However, by the mid-1950s, 
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electrochemical deposition has been highly extended to different applications in both 

industry and research work. During this period, and especially after the war, the 

nucleation model of electrochemical crystal growth was formulated by Erdey-Gruz 

(1902-1976) and Volmer (1885-18659) [27, 28]. They also derived the current-

potential relationship and introduced the transfer coefficient, based on the Arrhenius 

equation. Moreover, the modern theory of the electrochemical activation energy 

(overpotential) was developed with significant contributions such as the formulation 

the absolute rate theory on the basis of statistical mechanics (Eyring (1901-1981) and 

Wynne-Jones (1903-1982)), the discovery of different imperfections and a variety of 

growth sites, calculations on the probabilities of charge transfer to different sites on 

the metal surface, the nucleation and growth of electrodeposited gold on silver 

surfaces by means of electron microscopy, and a series of nucleation and growth 

models [29, 30].  

 

The electrochemical deposition of metals and alloys involves the reduction of metal 

ions from aqueous, organic, fused-salt or ionic liquids electrolytes (in this section, we 

only considered aqueous solutions). It is important distinguish two different possible 

processes: (a) electrodeposition, in which n electrons are provided by an external 

power supply; or (b) electroless deposition, in which a reducing agent dissolved in the 

media provides the electrons, i.e. no external power is involved. The reduction of 

metal ions can be represented by the following for both processes (Eq. 1.1): 

𝑀(𝑎𝑞)
𝑛+ + 𝑛 𝑒−  → 𝑀(𝑠)              (𝐸𝑞. 1.1) 

As can be predicted according to this process in electrodeposition, it is highly 

important to consider, analyze and understand the metal-solution interface as the 

locus of the deposition process, the kinetics and mechanism of the deposition process, 

the nucleation and growth processes of the metal lattice (M(s)), and finally the 

structure and properties of the deposited material. It is important to note that to 

understand the metal-solution interface, it is necessary to have basic knowledge of the 

structure and electronic properties of substrates (basically metals or semiconductors), 
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the molecular structure of water (or other solvents) and the structure, distribution and 

properties of ionic solutions. Moreover, the kinetics and mechanism are more 

complicated than those of interfaces, which can be resolved and developed using 

statistics based on the formulations of Eyring and Wynne-Jones, and more recently, 

quantum mechanics. Therefore, electrodeposition is a process in which metal ions 

present in a solution are reduced to coat a conductive (or semi-conductive) substrate 

with a thin layer of this material, in which the application of an electric current 

through the solution is involved, i.e., it is a heterogeneous process that takes place in 

the interfacial electrode-solution region. Therefore, understanding the electrochemical 

principles of electrodeposition is essential to the development of this technology.  

As can be seen in Figure 1.2, to perform electrodeposition, there are some basic 

elements: the electrolyte, which contains the ions of the metal or metals to 

electrodeposit and other species either to control the pH, to increase the conductivity, 

or to improve the characteristics of the deposited materials (additives); the electrolytic 

cell, which is the receptacle that contains the electrolytic solution; the electrodes 

(cathode and anode); and a potentiostat/galvanostat, which is the equipment used to 

apply and measure the signal during the electrodeposition process. It is important to 

note that, in order to perform the electrodeposition process, at least two electrodes 

(cathode and anode) are mandatory; however, in research it is common to introduce a 

third electrode. Reduction takes place at the cathode (or working electrode in a three-

electrode system), which could be a conductive or semi-conductive material; 

oxidation takes place at the anode (or counter or auxiliary electrode in a three-

electrode system). However, in order to have better control, and essentially to 

understand the process, a third electrode can be introduced, which is called the 

reference electrode as it allows for controlling the potential of the working electrode. 

It is obvious that various reactions take place at the electrodes during electrolysis, but 

it is fundamental to work with three electrodes in order to analyze and establish these 

processes. In electrodeposition, the concepts of electrode potential(𝐸), equilibrium 

electrode potential(𝐸𝑒𝑞), overpotential(𝜂), and overvoltage are of fundamental 

importance. Therefore, the equilibrium electrode potential (also called the open circuit 

potential) is the electrical potential of an electrode measured against a reference 

electrode when there is no current flowing through the electrode. It is important to 

note that the basic requirement in the selection of a reference electrode is that it 
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should not change its potential during the measurement procedure. In this sense, it is 

important to ensure that the voltage-measuring equipment has high internal resistance 

and the reference electrode should be non-polarizable; ideally, it is always at the 

equilibrium potential. The equilibrium electrode potential, as it is known, can be 

related to the standard electrode potential (𝐸𝑜) thorough the Nernst Equation (Eq. 

1.2): 

𝐸𝑒𝑞 = 𝐸𝑜 −
𝑅 𝑇

𝑛 𝐹
∑ 𝑣𝑖  𝑙𝑛𝑎𝑖                    (𝐸𝑞. 1.2) 

where 𝑣𝑖 are the stoichiometric numbers, 𝑎𝑖 are the species activities, 𝑅 is the gas 

constant (8.3143 J K-1 mol-1), 𝑇 is the absolute temperature (K), 𝐹 is the Faraday 

constant (96485.3329 C (mol e-)-1), and 𝑛 is the number of electrons involved. 

According to this expression, potentials more negative than that of the equilibrium 

electrode potential are needed for an electrochemical reaction to take place. It is 

important to emphasize that, at the equilibrium potential, there is no net change in the 

system, because metal ions are discharged and metal atoms are ionized at the same 

rate. Therefore, there is a minimum energy to promote the oxidation or reduction of 

the corresponding ions. In most of electrodeposition processes, it is necessary to apply 

a higher potential (in absolute terms) in order to overcome the activation barrier and 

allow the reduction reaction to take place. This extra potential, called the 

overpotential(𝜂), can be defined as the difference in the electrode potential when a 

current is flowing and its equilibrium potential. Another important parameter that 

could be considered is overvoltage, which could be interpreted as the difference 

between the cell voltage (with a current flowing) and the open-circuit voltage. 

Therefore, it represents the extra energy needed to force the cell reaction to proceed at 

the required rate, and therefore represents the sum of the overpotential of each system 

and the ohmic loss of the cell.  

Nowadays, it is highly important to perform the electrodeposition of alloys as a 

consequence of their enhanced properties compared to pure metals. In this sense, it is 

important highlight that a wide variety of binary and ternary alloy coatings are 

produced industrially by electrodeposition. In general, the electrodeposition of alloys 

require the co-deposition of two or more metals ions, i.e. the deposition potentials 
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should be close (generally less than 0.2 V) or even the same for the different metals. 

However, this is not a stringent requirement. On the other hand, different types of co-

electrodeposition behavior can be achieved, in which the composition of the 

electrodeposited material is qualitatively as expected on the basis of the equilibrium 

potentials (regular or diffusion controlled; irregular or activation controlled; or 

equilibrium behavior), or the deposit composition differs from that expected from 

equilibrium considerations (anomalous or induced) [31 – 32]. 

Lastly, it is important to note that, in general, electrodeposition can take place under 

potentiostatic (the current is kept constant while the potential changes) or 

galvanostatic (the potential is kept constant while the current changes) conditions. 

 

Figure 1.2: Schematic representation of the experimental set-up. 
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All the possible methods that allow the deposition of different materials in which it is 

possible to control thickness and shape have inherent advantages and disadvantages 

with regard to quality, simplicity and costs; however, electrodeposition seems best 

able to fulfil the imposed financial, environmental and temporal restrictions due to its 

simplicity, low cost, scalability and manufacturability.  

In this sense, electrodeposition has attracted attention as a means of obtaining 

structures of a wide variety of materials, including semiconductors, superconductors, 

polymers, materials for biomedical applications and others [33]. Therefore, this 

technique turns out to be a very ambitious methodology for materials production as a 

consequence the wide variety materials that can be prepared in a competitive, 

economically and more environmentally friendly way. Therefore, electrodeposition 

plays an important role in industry as well as in the development of new smart 

materials, especially at the micro- and nano-scale. However, the most attractive 

feature of this methodology is the low cost and the simplicity of the experimental set-

up when compared to other deposition techniques such as chemical/physical vapor 

deposition, which are rather expensive (both economically and temporary) as the 

initial costs of the equipment are extremely high in comparison with the experimental 

set-up required for electrodeposition [34]. However, we cannot only reduce the 

strength of electrodeposition to its cost, as electrodeposition has much other strength:  

 Experimental set-up and conditions are significantly interesting because 

electrodeposition can be carried out under normal laboratory conditions 

without requiring vacuum systems, which are required in a large number 

of deposition techniques, such as sputtering. Moreover, room temperature 

or temperatures lower than 100ºC (generally the electrolyte exists in 

aqueous solution) are commonly used (low-temperature growth saves 

energy). However, some of the electrodeposited films need post-

deposition annealing in order to achieve the desired characteristics. 

Moreover, electrodeposition avoids the use of hazardous chemicals used 

in some chemical routes.  
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 A wide variety of materials can be prepared easily and compositionally 

modulated structures or non-equilibrium alloys can be electrodeposited 

with no modifications to the experimental set-up or extra costs. 

 

 Another important advantage in comparison with vacuum techniques is 

that higher deposition rates can be achieved, which allows for obtaining a 

very wide thickness range from values below 100 nm up to more than 

100 µm (although not possible with all electrodeposited materials); this 

technique therefore permits easy control of thickness and overcomes the 

typical thickness limit of 1-2 µm achieved with vacuum techniques.  

 

 Electrodeposition provides an easy shape-controlled micro- and 

nanofabrication procedure as the electrodeposited material only grows on 

conductive areas of the substrate, which allows for the use of hard or soft 

templates created by the introduction of isolated patterns.  

On the other hand, electrodeposition also shows some important inherent drawbacks. 

Although electrodeposition allows good and easy control of the composition and 

thickness of the coating, it is important to note that the uniformity of the deposit 

depends on many factors such as the hydrodynamics of the process or electrolyte 

depletion, amongst others, which must be optimized in the initial state, and in some 

cases are difficult to control. Moreover, it is also important highlight that some 

characteristics could be an advantage or disadvantage, depending on the area of 

interest. For example, the requirement that substrates have reasonable electrical 

conductivity could also inhibit their potential applications.  

Electrodeposition is to date the most economical and convenient path to the 

production of several milli-, micro- and nano-materials due to its high deposition rate, 

high resolution, high shape fidelity, simple scalability, simplicity, low cost, and high 

throughput, among other aspects.  
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During the last three decades, microfabrication technology for biomedical, chemical, 

and especially electronics applications has been introduced. This is also a 

fundamental topic in electrodeposition research, as it has led electrochemical 

deposition toward the microfabrication route for components and devices [35 – 38]. In 

this sense, it is important highlight that significant advances have been made in the 

electrodeposition of microstructures, initially focused on both semiconductor and 

printed circuit board (PCB) based processing, and then in other chemical sectors such 

as lab-on-a-chip, biomaterials, biomedical, and analytical tools [37, 38]. Mainly, 

electrochemical microfabrication is based on the use of patterned substrates (hard 

template substrates), which result in electrochemically fabricated micro-devices with 

inherent non-uniformity due to differences in the rate reaction in the different parts of 

the substrate (enhanced as a consequence of the use of patterned substrates). 

Therefore, significant effort has been devoted to the development of optimized baths, 

enhanced reactors, and optimized conditions in order to obtain uniform current 

densities at different locations of substrates. Moreover, the state-of-the-art in 

microfabrication technology highlights that most microfabricated systems require a 

method of fabricating a pattern on the substrate; therefore, this significantly increases 

the costs of the microfabrication process in terms of time consumption and economic 

competiveness [35, 36]. However, several years ago, researchers at Newcastle 

University proposed a new electrochemical approach for electrochemical 

microfabrication, which involves electrochemical pattern transfer without the 

application of a mask to the substrate. This technique has been called EnFace, which 

stands for “electrochemical nano and micro fabrication by chemistry and engineering” 

[39 – 41]. However, this proposal must be develop further in order to be proposed as 

an acceptable and competitive electrochemical microfabrication route. However, it 

allows us to think that electrodeposition could be proposed one day as the most 

economical and convenient path for microfabrication, supported by the advantages 

described above.  

Nowadays, nanoscience and nanotechnology are considered to be one of the most 

important future technologies, involving several disciplines of science including solid 
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state physics, solid state chemistry, solid state ionic, materials engineering, medical 

science, and biotechnology [42, 43]. Nanotechnology will allow us to create and 

design new materials with unprecedented functionality and novel or improved 

properties, which generally dramatically depend on the size. However, firstly, what is 

a nanostructured material? It is highly accepted that nanomaterials may be defined as 

a functional materials, devices or systems, in which a single unit is sized (at least in 

one dimension) on the nanometer length scale (1-100 nanometers). Therefore, 

nanotechnology may be defined as the creation of functional materials, devices and 

systems through control of matter on the nanometer length scale (1-100 nanometers), 

and the exploitation of novel phenomena and properties (physical, chemical, 

biological) at that length scale [44]. Moreover, nanomaterials are typically 

categorized into four dimensional groups based on the ratios of their structural 

dimensions: zero-dimensional, in which all the dimensions are in the nanoscale range, 

i.e. with an aspect ratio around unity (for example: quantum dots or more generally 

nanoparticles); one-dimensional, including nanowires, nanorods, nanotubes, and 

nanobelts, which have only two dimension in the nanoscale range; two-dimensional, 

including coatings or thin films that are characterized because they possess only one 

dimension at the nanoscale; and lastly, three-dimensional nanomaterials, which have 

no dimensions in the nanoscale range, but possess nanocrystalline structures or 

involve the presence of features at the nanoscale (for example: composites or 

multilayers) [45].  

Nanostructured materials have numerous potential applications in many areas such as 

electronics, optoelectronics, medicine, and catalysis. However, before these 

applications can be realized, we must be able to control the synthesis of 

nanostructures. Many techniques have been developed to synthesize nanostructured 

materials during the last two decades or so. Electrodeposition plays an important role 

in this field. In this sense, the fact that electrodeposition could be used to synthesize 

different types of nanomaterials has generated a great deal of interest in recent years, 

as electrodeposition could offer some significant advantages in nanofabrication: 

rapidity, low cost, porosity-free or porosity-enhanced nanomaterials, high purity, 

industrial applicability and scalability, the potential to overcome shape limitations or 

allow the use of free-standing parts with complex shapes, shape-controlled 

electrodeposition using soft or hard templates, generally higher deposition rates in 
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comparison with vacuum techniques, the possibility of producing nanomaterials on 

widely different substrates and of widely different materials, the ability to produce 

structural features with sizes ranging from the nanometer to micrometer scales, no 

post-deposition treatment, easy control of the composition, and the possibility to 

obtain compositions unattainable by other techniques. Therefore, according to these 

excellent opportunities for synthesizing nanomaterials by electrodeposition, it is 

obvious that this technique has obtained great importance in nanofabrication. 

Moreover, it is highly important to highlight that electrodeposition, unlike other 

techniques, has proven to be a versatile method that allows the fabrication of shape-

controlled nanomaterials in an easy way using hard templates, based on its ability to 

create an exact negative replica of the template used. In this sense, Penner and Martin 

published on the possibility of growing nanowires by templated electrodeposition on 

polycarbonate membranes in 1987 [46]. Since then, many researchers have started 

using templated electrodeposition for the synthesis of nanowires of metals, 

semiconductors and polymers with different dimensions using either polycarbonate 

track-etched membranes (PCTE) or anodized aluminum oxide (AAO) membranes; 

moreover, other shapes have been obtained using other different hard templates [47, 

48]. Since the introduction of this type of shape-controlled electrodeposition, different 

types of templates have been created, which are either related or unrelated to the 

polycarbonate or alumina membranes; they allow for synthesizing nanotubes, 

interconnected networks of nanostructured nanomaterials such as nanocones, and 

other incredible shapes. Recently, new approaches based on the use of soft template 

systems or on the combination with soft lithography approaches have been 

investigated. In this sense, several approaches have been developed that range from 

direct electrodeposition within a template formed by a PDMS stamp on top of a 

conductive substrate, to selective deactivation of a conductive substrate by a patterned 

self-assembled monolayer (SAM), to generate nanoreactors using different colloidal 

systems [49, 50]. Therefore, it seems possible that, using a relatively simple 

technique, i.e. electrodeposition, combined with other strategies, new 

cooperative/synergetic possibilities for the synthesis of nanomaterials can be opened 

up in the field of the nanofabrication. Nowadays, electrodeposition can be understood 

as a complex phenomenon which takes place at the solid/liquid interface and 

represents a unique approach to material synthesis and nanostructure fabrication, and 

has proven to be one of the enabling fabrication methods behind a series of high-tech 
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enterprises. Moreover, most recent developments and improvements suggest that 

electrodeposition will become an attractive fabrication process in many other 

emerging technologies. In this sense, this thesis discusses and investigates new 

methodologies and strategies for the synthesis of magnetic nanostructures, some of 

which are being tested as catalysts for the electrooxidation of alcohol or as vehicles to 

transport drugs. We tried to investigate and propose new methods for 

electrodepositing microstructures, particularly nanostructures. This thesis is primarily 

focused on the optimization of a mask-less microfabrication process and secondly on 

the development of new electrochemical media, as alternatives to classic (aqueous 

solutions or molten salts) or semi-classic (ionic liquids) media.  
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The objective of this thesis is the development of novel electrochemical methods, 

strategies or media to prepare different kinds of micro- and nanostructured materials. 

The possibility of preparing micro-patterned (Cu), nanoparticulated (Co, CoNi, CoPt), 

composited (CoPt-Ni), mesoporous (CoNi, CoPt, Pt, CoNi@Pt or CoNi@Au) or 

nanopowdered (CoPt) deposits with various shape (films, nanorods or nanowires) by 

using the proposed strategies will be tested in order to obtain micro/nanomaterials for 

specific magnetic, catalytic or biomedical applications. 

The specific objectives raised in this thesis are listed below: 

 Optimisation of Electrochemical nano-Fabrication using Chemistry and 

Engineering (EnFACE) technology as an alternative method to classical 

masked-electrodeposition to prepare metallic microstructures on conductive 

substrates. The conditions (bath composition, ultrasound power, and current 

densities) for the sono-electrodeposition transfer of copper milli and 

micrometre patterns to prepare milli- and micro-patterned substrates with 

excellent shape definition and better uniformity onto large substrates (A7 

dimensions:74 mm x 105 mm) will be established. The final aim is to propose 

EnFACE technology as a scalable, economic and environmentally-friendly 

synthesis approach to microfabrication; this could be relevant in the electronics 

and sensors industries.   
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 To propose a way to use different types of classical microemulsions 

(bicontinuous or water-in-oil) as new electrochemical media for synthesising 

nanostructures—that is, a new shape-controlled electrodeposition approach 

based on the use of soft-template systems. The conditions and components to 

prepare enough conductive microemulsion to permit the electrodeposition will 

be analysed. The possibility of obtaining different types of Co-based structures 

with varied geometries and shapes as a function of the microemulsions 

conditions will be studied.  

 
 To propose the use of alternative (water-in-ionic liquid) microemulsions as 

soft-template electrochemical media with improved conductivity and low 

environmental impact for shape-controlled electrodeposition. These 

electrodeposition media will be tested to prepare magnetic nanostructured 

materials (nanoparticulated CoPt magnetic films or CoPt-Ni composites) of 

alloys with controlled size, composition and magnetism.   

 
 To apply the developed methodology (electrodeposition in water-in-ionic 

liquid, bicontinuous and ionic liquid-in-water microemulsions) to prepare 

magnetic mesoporous structures (films and/or nanorods/nanowires) of different 

materials (Pt, CoPt, CoNi, CoNi @Au or CoNi@Pt) in order to detect the 

possibilities and limitations of the method.  

 
 To test the use of the prepared magnetic mesoporous nanostructures, and 

compare the results with the state-of-art; to catalyse the electrooxidation of 

methanol or ethanol in order to propose competitive electrocatalysts with poor-

Pt content for fuel cell reactions.  

 
 To test the use of magnetic mesoporous nanowires as promise nanocarriers for 

drug delivery, based on the possible enhanced therapeutic effect as a 

consequence of their magnetic stimulation (i.e., accumulating, directing, 

among others).  

This thesis has been mainly developed in the Grup d’Electrodeposició de Capes 

Primes i Nanoestructures (GE-CPN) of the Materials Science and Physical Chemistry 

Department of the University of Barcelona, under the supervision of Prof. Elisa 
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Vallés and Prof. Elvira Gómez. However, part of this thesis was carried out in the 

Electrochemical Nanomaterials Group at Newcastle University (United Kingdom) 

during a three-month stay under the supervision of Prof. Sudipta Roy.  
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In this chapter, the details regarding the experiments featured in this thesis are 

discussed. Different micro and nanostructures of cobalt-based materials (Co, CoNi, 

CoPt) and platinum were prepared by electrodeposition using different 

electrochemical media to analyse, generalise and propose microemulsions as soft-

template systems for micro and nanofabrication. Moreover, electro-transfer, on a large 

scale using innovative technology, was also used to prepare copper microstructures. 

The equipment and power sources, electrochemical techniques, electrochemical cells 

and configurations, chemicals and the etching and cleaning procedures used are 

detailed in section 3.1. In section 3.2, the working principles and equipment details of 

the diverse characterisation techniques used to study the morphology, structure, 

thickness, roughness, magnetic properties and elemental compositions of the prepared 

materials are briefly discussed. Lastly, in sections 3.3 and 3.4, the diverse techniques 

and procedures used to test the prepared materials as catalysts or carriers for drug 

delivery are enumerated and shortly described.  
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Electrochemical experiments were mainly carried out with a Metrohm/Eco Chemie 

Autolab PGSTAT12 potentiostat/galvanostat electrochemical system (University of 

Barcelona, Barcelona, Catalonia) with general purpose electrochemical system 

(GPES) software or with a power supply, Thurlby Thandar PL320 (University of 

Newcastle, Newcastle, UK).   

 

Electrochemical experiments were mainly performed in a three-electrode cell 

configuration (Figure 3.1), consisting of a working electrode, a counter electrode and 

a reference electrode.  

Different cell geometries and working electrode arrangements (vertical or horizontal) 

were used depending on the sample being prepared. A vertical arrangement of the 

working electrode (Figure 3.1(a)) was employed to prepare all the samples, except 

for nanowires or nanorods, which were synthesised using a horizontal configuration 

(Figure 3.1(b)). A Julabo thermostat (University of Barcelona) was used to control 

the bath temperature when the vertical configuration was used.  

A two-electrode setup was used to obtain the copper microstructures via the 

electrochemical nano fabrication using chemistry and engineering (EnFACE) 

methodology. The two-electrode system was setup in a large-scale ultrasound tank 

cell (Figure 3.2) with a volume of 18 L (approximately equivalent to 50% of the 

volume of a standard plating tank in industry). This was connected to three ultrasonic 

generators (Hilsonic, University of Newcastle) with a polyvinyl chloride (PVC) 
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electrode holder when the EnFACE technology was employed. EnFACE technology 

requires control of the reactor design, especially the requirement for the inter-

electrode gap of either 0.3 mm (sono-electrodeposition transfer) or 1.5 mm (limiting 

current experiments) to be maintained uniformly across the electrode plates and flow 

conditions.   

 

Figure 3.1: Electrochemical cells employed for synthesising micro/nanostructures with (a) 

vertical and (b) horizontal arrangements of the working electrode. Letters indicate (R) reference 

electrode, (A) counter electrode, and (W) working electrode.    
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Figure 3.2: Diagram of the EnFACE ultrasonic tank showing the position of the ultrasonic 

transducers and the placement of the electrode holder. 

As electrodes, oxygen-free copper plates (Advent) of 99.99% purity and high 

conductivity, cut into A7 size rectangles (105 x 74 mm), were used. They were 

washed thoroughly with diluted Decon 90 and polished with #1200, #2400 and #4000 

grit silicon carbide (SiC) paper until a mirror-like finish was achieved. Moreover, 

when EnFACE technology was used, the anode required extra preparation. The 

fabrication procedures for two different anodes are described as follows:  

 Spray resist tool (Figure 3.3): the A7 copper substrate was covered with large 

squares of 10 x 10 mm2 at locations I to VIII. Then, electrolube positive 

photoresist was sprayed over the entire surface and dried using an air dryer for 10 

min. Square copper tapes were carefully removed from the substrate, which were 

baked in an oven at 50 ºC for 20 min. Lastly, they were rinsed with deionised 

water, dried thoroughly with a nitrogen gun and stored within a dark area until 

they were ready for use.   
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Figure 3.3: Diagram of the spray resist tool with eight squares of exposed copper with areas of 

10 x 10 mm2.   

 Dry photoresist tool (Figure 3.4): the A7 copper substrate was wiped with 

isopropanol and dried thoroughly with a nitrogen gun. Then, a 35 µm layer of 

laminar E9230 dry film photoresist (Eternal Chemical Co. Ltd) was laminated 

onto the copper surface at 110 ºC. Then, a photomask of the desired line pattern 

was placed over the resist layer, which was then exposed to UV light for 15 s in 

the UV exposure unit, and, after this, the substrate was submerged in a developing 

solution (23 mL of Chestech developing solution (Trimite Technologies Ltd) and 

980 mL of deionised water at 30 ºC) for 13 min, whilst stirring the solution by 

hand every 30 s to assist the developing procedure. Lastly, the tool was rinsed 

with deionised water, dried thoroughly with a nitrogen gun and stored in a dark 

environment until further use.   
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Figure 3.4: Diagram of the dry photoresist tool with linear pattern features.   

Alternatively, a three-electrode setup was used to obtain the Co, CoNi and CoPt 

micro/nanostructures. 

When a three-electrode cell was used, either Ag/AgCl/KCl (3 M) or Ag/AgCl/KCl (3 

M)/H2SO4 (0.5 M), and a platinum spiral, as a reference electrode or a 

counter/auxiliary electrode, respectively, were employed.  

Different working electrodes were used, depending on both the electrochemical 

experiments and types of prepared samples (Figure 3.5). The treatment performed for 

each working electrode in order to attain reproducibility during successive 

experiments was different in each case. The employed working electrodes were the 

following: 

 Vitreous carbon (GC) rod (Metrohm) electrode of 0.0314 cm2. It has a wide 

range of potentials where no electrochemical response is observed, therefore, it 
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has only been used for the basic electrochemical studies. The GC electrode 

was mechanically polished using alumina of different grades (3.75 and 1.85 

µm) over polishing cloths, DP-Mol and DP-Nap (Struers), until a mirror-like 

finish was achieved. It was cleaned ultrasonically for 2 min in Millipore water 

to remove the alumina leftovers.  

 Silicon/titanium (10 nm)/gold (50 nm) or silicon/titanium (15 nm)/gold (100 

nm) pieces of 0.75 cm2 (Institut de Microelectrònica de Barcelona – Centre 

Nacional de Microelectrònica (IMB-CNM), Barcelona, Catalonia). The p-type 

silicon electrodes of 4-40 Ω cm and (100) orientation, with a phosphosilicate 

glass (PSG) layer of 1 µm, modified by cathodic pulverisation of a Ti/Au seed 

layer were the substrates mainly used to prepare the different magnetic 

deposits in the form of films or nanoparticles, because the nonmagnetic 

response of the substrate does not interfere in the magnetic characterisation of 

the deposits. The Si/Ti/Au electrodes were firstly washed with acetone, 

followed by ethanol and later with water, and then dried thoroughly using a 

nitrogen gun.  

 Polycarbonate (PC) membranes (Millipore) of 3.3 cm2, 20 µm thickness, with 

100 nm thick gold layers on one side (to enable conductivity), were used as 

templates for the nanowire/nanorod (≥100 nm in diameter) preparation. PC 

membranes have nominal pore diameters of 200 or 100 nm and the pore 

density ranged from 108 to 2.5 109 pores cm-2. Vacuum evaporation was used 

to coat the membranes on one side (IMB-CNM). When aqueous baths were 

used, prior to completing the electrochemical experiment, the electrode was 

kept in Millipore water for 24 h to make the pores hydrophilic, in order to 

attain a homogeneous growth over the entire membrane. However, when 

microemulsions were used, the PC membranes were used directly. 

 Alumina membranes of 1 cm2 (Smart Membranes GMbH, Germany) of 20 µm 

thickness, with 100 nm thick gold layers on one side (to enable conductivity), 

were used as templates for the narrower nanowires (<100 nm in diameter). 

Alumina membranes have nominal pore diameters of 25 nm and inter-pore 

distances of 63 nm. When aqueous baths were used, prior to performing the 

electrochemical experiments, the electrode was also immersed in water for 24 
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h. Therefore, when microemulsions were used, alumina membranes were 

employed directly.  

 

Figure 3.5: Working electrodes employed to grow micro/nanostructures.  

 

All the electrochemical experiments performed in aqueous medium were carried out 

with solutions prepared with water that was firstly double distilled and then treated 

with a Millipore Milli-Q system (University of Barcelona). For the electrochemical 

experiments performed using ionic liquids, the ionic liquids were used directly as-

received. All the solutions and electrochemical media were de-aerated by argon (high 

purity, 99.99%) bubbling before each experiment (except for the corrosion tests) and 

they were maintained under argon atmosphere during the experiments. Table 3.1 

summarises the electrochemical media (aqueous solutions (W), ionic liquid (IL) 

solutions, nanoparticle suspensions (PS), aqueous solutions (W) or ionic liquid (IL) 

solutions with surfactants (S) or microemulsions (ME)) and the chemicals employed 

for the preparation of the different micro and nanostructured materials:  
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AQUEOUS SOLUTIONS (W) 

W1 

(CoNi) 

0.2 M CoCl2 (Panreac, > 98 %) + 0.9 M NiCl2 (Panreac, > 98 %) + 30 g L-1 

H3BO3 (Merck, 99.8 %) + 0.7 g L-1 saccharin (Merck, > 98%) (pH = 3.0) 

W2 

(CoPt) 

2.5 mM CoCl2 (Carlo Erba, > 98 %) + 1.2 mM Na2PtCl6 (Aldrich, 98 %) + 0.1 

M NH4Cl (Fluka, 99.5 %) + 10 g L-1 H3BO3 (Merck, 99.8 %) (pH = 4.5) 

W3 

(CoPt) 

7.5 mM CoCl2 (Carlo Erba, > 98 %) + 1.2 mM Na2PtCl6 (Aldrich, 98 %) + 0.1 

M NH4Cl (Fluka, 99.5 %) + 10 g L-1 H3BO3 (Merck, 99.8 %) (pH = 4.5) 

W4 

(CoPt) 

10 mM CoCl2 (Carlo Erba, > 98 %) + 1.2 mM Na2PtCl6 (Aldrich, 98 %) + 0.1 

M NH4Cl (Fluka, 99.5 %) + 10 g L-1 H3BO3 (Merck, 99.8 %) (pH = 4.5) 

W5 (Pt) 20 mM Na2PtCl6 (Aldrich, 98 %) 

W6 

(CoPt) 

2 mM CoCl2 (Carlo Erba, > 98 %) + 18 mM Na2PtCl6 (Aldrich, 98 %) 

W7 

(CoPt) 

10 mM CoCl2 (Carlo Erba, > 98 %) + 10 mM Na2PtCl6 (Aldrich, 98 %) 

W8 

(Co) 

0.5 M CoCl2 (Carlo Erba, 99 + %)  (pH = 4.0) 

W9 

(Cu) 

0.1 M CuSO4·5H2O + 5 mL·L-1 of Gleam HS-200B (carrier/suppressor) + 2.5 

mL·L-1 of Gleam HS-200A (brightener/accelerator) + 35 µL·L-1 of HCl (37 %). 

  

IONIC LIQUID (IL) SOLUTIONS 

IL1 

(CoPt) 

2.5 mM CoCl2 (Carlo Erba, > 98 %) + 1.2 mM Na2PtCl6 (Aldrich, 98 %) in 1-

Butyl-3-methylimidazolium hexafluorophosphate a.k.a. bmimPF6 (Acros 

Organics, > 98 %) 

IL2 

(Ni) 

15 mM NiCl2 (Panreac, > 98 %) in bmimPF6 (Acros Organics, > 98 %) 
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Aqueous solution (W) or Ionic Liquid (IL) + Surfactant (S) 

MW1 =  90 wt. % of W1 (CoNi)  + 10 wt. % of 

S1 

MW2=  68 wt. % of W1 (CoNi)  + 32 wt. % of 

S1 

MW3=  79 wt. % of W2 (CoPt)  + 21 wt. % of S1 

MW4=  69.6 wt. % of W2 (CoPt)  + 30.4 wt. % 

of S1 

MW5=  84.9 wt. % of W1 (CoNi)  + 15.1 wt. % 

of S1 

MIL1=  69.4 wt. % of W1 (CoPt)  + 40.6 wt. % 

of S1 

S1 

P-octyl polyethylene 

glycol phenyl ether 

a.k.a. Triton X-100 

(Acros Organics, 97 %) 

MW6=  99.0 wt. % of W1 (CoNi)  + 1.0 wt. % of 

S2 

MW7=  99.0 wt. % of W5 (Pt)  + 1.0 wt. % of S2 

MW8=  99.0 wt. % of W6 (CoPt)  + 1.0 wt. % of 

S2 

MW6=  99.0 wt. % of W7 (CoPt)  + 1.0 wt. % of 

S2 

S2 
Polyoxyethylene acyl 

ether a.k.a. Brij 58 

   

POLYSTYRENE NANOPARTICLE SUSPENSION (PS) 

PSi  = 10 wt. % of NPs + 2.0 wt. % 

of S3 + 88.0 wt. % of Wi 

Wi W1 (CoNi) or W5 (Pt) 

S3 Sodium Dodecyl Sulfate 

NPs Polystyrene Nanoparticles 
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MICROEMULSIONS (ME) 

ME1 =  39.5 wt. % of O1 + 39.5 

wt. % of S1 + 21.0 wt. % of W1 

(CoNi) 

ME2 =  54.5 wt. % of O1 + 32.0 

wt. % of S1 + 13.5 wt. % of W1 

(CoNi) 

ME3 =  51.6 wt. % of O1 + 30.4 

wt. % of S1 + 18.0 wt. % of W2 

(CoPt) 

ME4 =  50.4 wt. % of O1 + 29.6 

wt. % of S1 + 20.0 wt. % of W3 

(CoPt) 

ME5 =  50.4 wt. % of O1 + 29.6 

wt. % of S1 + 20.0 wt. % of W4 

(CoPt) 

ME6 =  48.1 wt. % of O1 + 28.4 

wt. % of S1 + 23.5 wt. % of W4 

(CoPt) 

ME7 =  60.0 wt. % of O1 + 28.2 

wt. % of S1 + 11.8 wt. % of W8 

(Co) 

Wi W1 (CoNi) or W2 (CoPt) or W3 

(CoPt) or W4 (CoPt)  or W8 (Co) 

S1 Triton X-100 (Acros Organics, 97 

%) 

O1 Diisopropyl Adipate (Croda) 

ME8 =  15.4 wt. % of O2 + 61.6 

wt. % of S4 + 23.0 wt. % of W8 

(Co) 

W8 W8 (Co) 

S4 S4 – Polyoxyethylene sorbitan 

monooleate a.k.a. Tween 80 

(Aldrich) – 

O2 Isopropyl Myristate (Sigma-

Aldrich) 
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ME9 =  15.8 wt. % of O3 + 73.7 

wt. % of S5 + 10.5 wt. % of W8 

(Co) 

W8 W8 (Co) 

S5 N-propanol (Acros Organics, 99.6 

%) 

O3 Oleic Acid (Sigma-Aldrich, 99+ 

%) 

ME10 =  20.4 wt. % of O3 + 9.6 

wt. % of S2 + 70.0 wt. % of W8 

(Co) 

W8 W8 (Co) 

S2 Brij 58 

O4 Isohexadecane (Arlamol HD, 

UNIQEMA) 

ME11 =  14.5 wt. % of IL + 59.5 

wt. % of S1 + 26.0 wt. % of W2 

(CoPt) 

ME12 =  18.2 wt. % of IL + 74.4 

wt. % of S1 + 7.4 wt. % of W2 

(CoPt) 

ME13 =  16.4 wt. % of IL + 67.0 

wt. % of S1 + 16.6 wt. % of W2 

(CoPt) 

ME14 =  52.0 wt. % of IL + 40.6 

wt. % of S1 + 7.4 wt. % of W2 

(CoPt) 

ME15 = 2.2 wt. % of IL + 20.7 wt. 

% of S1 + 77.1 wt. % of W2 

(CoPt) 

ME16 =  12.0 wt. % of IL + 61.0 

wt. % of S1 + 27.0 wt. % of W1 

(CoNi) 

W2 W1 (CoNi) or W2 (CoPt) or W3 

(CoPt) or W4 (CoPt) or W5 (Pt) or 

W6 (CoPt) or W7 (CoPt) 

S1 Triton X-100 (Acros Organics, 97 

%) 

IL bmimPF6 (Acros Organics, > 98 

%) 
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ME17 =  12.0 wt. % of IL + 61.0 

wt. % of S1 + 27.0 wt. % of W5 

(Pt) 

ME18 =  5.0 wt. % of IL + 28.5 wt. 

% of S1 + 66.5 wt. % of W2 

(CoPt) 

ME19 =  7.0 wt. % of IL + 37.2 wt. 

% of S1 + 55.8 wt. % of W2 

(CoPt) 

ME20 =  11.0  wt. % of IL + 62.3 

wt. % of S1 + 26.7 wt. % of W2 

(CoPt) 

ME21 =  1.1 wt. % of IL + 15.1 wt. 

% of S1 + 83.8 wt. % of W1 

(CoNi) 

ME22 =  1.1 wt. % of IL + 15.1 wt. 

% of S1 + 83.8 wt. % of W6 

(CoPt) 

ME23 =  1.1 wt. % of IL + 15.1 wt. 

% of S1 + 83.8 wt. % of W7 

(CoPt) 

ME24 =  14.5 wt. % of IL2 + 59.5 

wt. % of S1 + 26.0 wt. % of W2 

(CoPt) 

 

Wi W1 (CoNi) or W2 (CoPt) or W4 

(CoPt) or W5 (CoPt) 

S Triton X-100 (Acros Organics, 97 

%) 

ILi IL2 

Table 3.1: Electrochemical media and chemicals used for the fabrication of the micro and 

nanostructures of Cu, Co, CoNi, CoPt and Pt. 
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Cyclic voltammetry (CV) is one of the most important techniques in electrochemistry 

and is frequently used as a tool for investigating electrode reactions and determining 

thermodynamics, kinetics and mechanisms [1, 2]. Moreover, it is also possible to 

identify electron transfer or adsorption processes. It is important to note that there are 

many factors which can affect the shape of the cyclic voltammogram, including 

reversibility, diffusion, adsorption, reaction mechanism and kinetics, amongst others 

[3, 4]. Cyclic voltammetry is a potential sweep method in which an applied potential 

is varied linearly with time (Figure 3.6).  

Cyclic voltammetry was selected to study the electrochemical behaviour of the 

different solutions employed to grow the micro and nanostructured materials (except 

when EnFACE technology was used), either in stirring and non-stirring conditions. It 

was also employed for characterising catalytic or carrier nanomaterials, or the 

functionalisation processes of the prepared nanostructures. Depending on the 

experiments, a single cycle or a successive sequence of cycles were recorded, starting 

the scan from a potential value at which no current was detected and usually toward 

negative potentials (negative scan). The reduction of the electroactive species takes 

place during the negative scan. Alternatively, during the scan toward positive 

potentials (positive scan), the total or partial oxidation of the previously 

electrodeposited species occurs. Moreover, the cathodic and anodic limits must be 

controlled in order to avoid or minimise either hydrogen and oxygen evolution or 

substrate oxidation, respectively. In addition, cyclic voltammetry allows us to 

compare the charges recorded during both the reduction and oxidation processes, 

which could give information about the difficulty of the oxidation of the prepared 

deposits and the presence of possible parallel reactions taking place simultaneously 

with the electrodeposition.  
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Figure 3.6: Scheme of the applied signal and recorded response of a cyclic voltammogram; 

where Eo, Ec and Ea are the starting, cathodic and anodic potentials, respectively, t is the time 

and j is the current density.  

 

Linear sweep voltammetry (LSV) is an electrochemical technique, very similar to 

cyclic voltammetry, in which a single scan is applied to obtain separate information 

about the reduction and oxidation processes. In this case, the potential is scanned from 

a lower limit to an upper limit, as shown in Figure 3.6. The scan was started at a 

potential at which no redox process takes place, until the cathodic or anodic limit was 

reached. The characteristics of the linear sweep voltammograms recorded also depend 

on a number of factors, including the rate of the electron transfer reactions, the 

chemical reactivity of the electroactive species and the potential scan rate [5]. 

Therefore, the information obtained with this technique is complementary to that 

obtained by cyclic voltammetry, in which the reduction processes take place during 

the negative scan and also during the positive sweep until the current is zero 

(crossover).   

 

The term "chronomethods" includes all techniques related to measurements based on 

electrochemical signals during a well-defined sequence of steps. Therefore, there are a 

large number of methods that could be included in this term. However, in this work, 
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the electrodeposition processes were either studied by potentiostatic or galvanostatic 

chronomethods. With the potentiostatic method, the current is measured versus time 

as a response to applying a controlled potential of the working electrode at a fixed 

value whilst the j-t curve is recorded. Alternatively, in the galvanostatic method, a 

constant current is applied and the E-t curve can be recorded. Stationary and magnetic 

stirring were performed, depending on the electrochemical media and cell 

configuration. When EnFACE technology was used, ultrasonic stirring was 

employed. 

 

Corrosion measurements were carried out at 25 ºC in 5 wt. % NaCl or a 0.5 M H2SO4 

solution. The samples were immersed in the electrochemical media for several hours 

to determine the steady-state potential (Ess). Afterwards, immediately, a linear 

potentiodynamic sweep from Ess – 300 to Ess + 300 mV was performed at 0.1 mV s-1 

to evaluate the corrosion potential (Ecor). Stationary conditions were used during both 

the polarisation and potentiodynamic scans.  

 

 

The prepared micro and nanostructured materials needed etching or cleaning 

procedures before and/or after their synthesis by means of electrodeposition, which 

could achieve the removal of the photoresist, the seed layer, and the 

dissolving/etching of the PC/alumina membrane, amongst others. Table 3.2 

summarises all the procedures: 

MATERIAL PROCEDURE 

Films 

 

(1) Substrates: All the Silicon/titanium (10 

nm)/gold (50 nm) or silicon/titanium 

(15 nm)/gold (100 nm) substrates were 

immediately immersed several times in 
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ketone (x3), ethanol (x5), and lastly in 

Millipore water (x5), before being 

used.  

(2) Films: After being prepared, films of 

any material (Co-based or Cu) were 

washed in Millipore water (x5). 

Moreover, films were also immersed in 

0.1 M NaOH (x3), prior to washing in 

Millipore water when microemulsion 

or surfactant solutions were employed. 

Nanoparticles (NPs) 

 

(1) Substrates: All the silicon/titanium (15 

nm)/gold (100 nm) substrates were 

immersed several times in ketone (x3), 

ethanol (x5), and lastly in Millipore 

water (x5), before being used.  

(2) Samples: The prepared nanoparticles 

(attached on silicon/titanium (15 

nm)/gold (100 nm) substrates) were 

immediately immersed in 0.1 M NaOH 

(x3), prior to washing in Millipore 

water when microemulsion or 

surfactant solutions were employed. 

(3) In some cases, nanoparticles were 

detached from the Si/Ti/Au substrates 

by removing the Au layer using a 

saturated solution of I2/I-. 

Nanowires (NWs) or 

nanorods (NRs) 

 (PC membrane) 

(1) The 100 nm-thick Au layer was 

removed by etching the Au using a 

saturated solution of I2/I-. 

(2) The PC membrane was dissolved with 

chloroform (x5), and washed with 
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chloroform (x10), ethanol (x5) and 

Millipore water (x5). NWs or NRs 

were also immersed in 0.1 M NaOH 

(x3), prior to washing in Millipore 

water when microemulsion or 

surfactant solutions were employed. 

(Ultrasonic stirring was applied.)  

Nanowires (NWs)  

(Alumina membrane) 

(1) The 100 nm-thick Au layer was 

removed by etching the Au using a 

saturated solution of I2/I-. 

(2) The alumina membrane was dissolved 

with a 1 M NaOH solution. (Ultrasonic 

stirring was applied.)   

Table 3.2: Etching and cleaning procedures employed after the electrodeposition of the 

different micro/nanostructures.  
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A variety of techniques could be used to characterise the microemulsions, however, 

the nature of the aqueous solution (aqueous component) restricts the possibility of 

using some techniques. In the present study, microemulsions were characterised using 

electrical conductivity, visual observation, the dye diffusion test, dynamic light 

scattering and viscosity measurements. All of these techniques were fundamental in 

establishing the microemulsion zones in the pseudo ternary phase diagram.  

 

Conductivity measurements were useful in the determination of which was the 

continuous component of the microemulsion, due to the very different conductivities 

of oil-in-water (o/w), water-in-oil (w/o) and bicontinuous microemulsion systems [6, 

7]. Electrical conductivity was measured using a Crison conductimeter GLP31 

(University of Barcelona) with a 52-92 (Crison) conductivity cell (1 cm-1 of cell 

constant) with a CAT Crison 55-31 temperature sensor with an absolute accuracy of 

up to ± 0.05 ºC (University of Barcelona). Conductivity was important for 

distinguishing microemulsion structures, i.e., o/w microemulsions (conductivity 

approaches that of the aqueous component), w/o microemulsions (conductivity is 

extremely low in comparison with the aqueous solution) and bicontinuous 

(conductivity is slightly higher than the w/o microemulsions).  

 

The dye solubility test is also known as the dye staining test, in which a dye is 

sprinkled onto the surface of the emulsion to identify the continuous component. With 

oil-in-water (o/w) microemulsions, there is a rapid dispersion of a water soluble dye 

into the system, whereas with water-in-oil (w/o) microemulsions, the rapid dispersion 
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of a soluble dye in oil occurs [8, 9]. Bicontinuous microemulsions present a rapid 

solubility of both water and oil soluble dyes. In this study, an aqueous soluble dye, 

Rhodamine B (Sigma), and an oil soluble dye, Sudan Black HB (Sigma), were used in 

order to confirm the oil continuous component, the aqueous continuous component or 

bicontinuous microemulsion formation.  

 

Dynamic light scattering (DLS) is a non-destructive method which allows for the 

study of structure and dynamics of colloidal systems (nowadays, photon correlation 

spectroscopy is the most widely used name of DLS). One of the most important 

characterisations of microemulsions is the determination of the droplet size. DLS 

permits the measurement of the hydrodynamic drop size from dynamic changes of the 

scattered light intensity, which is somewhat larger than the particle size, which could 

be eventually determined using microscopy techniques [10 – 12]. In the simplest 

terms, a laser is passed through a filter directly onto the scattering medium. The 

scattered light is then detected by the detector and translated to an auto-correlator 

(Figure 3.7). Colloidal particles in a solution move randomly and erratically as a 

result of the thermal energy induced by their collisions with molecules or droplets of 

the surrounding medium, which is known as Brownian motion [13, 14]. DLS uses this 

phenomenon for estimating the droplet size. 

Microemulsions, by definition, have droplet sizes of less than 100 nm. DLS is a 

reliable method for detecting the hydrodynamic diameter of microemulsion droplets. 

Due to it being a very sensitive technique, samples must be free of all impurities. In 

the present study, the equipment used were a Malvern 4700 (LS instruments, Institut 

de Química Avançada de Catalunya – Consell Superior d’Investigacions Científiques, 

Barcelona, Catalonia) or a Malvern Zetasizer ZS (Pharmacy School, University of 

Barcelona) consisting of a monochromatic laser light source (λ = 633 nm), directed to 

the cuvette containing 1 mL of the microemulsion, which was placed in a 

thermostated bath. Measurements were carried out at a scattering angle of 90º.  

 



Experimental Procedure 

 

  

- 53 - 

 

 

Figure 3.7: Schematic representation of conventional light scattering equipment (Malvern).  

 

Viscosity (η) and surface tension (γ) of the electrodeposition systems were important 

parameters to know in order to fill the membranes for the growth nanowires or 

nanorods (CoNi, Pt or CoPt). The surface tension was measured using a Traube 

stalagmometer, which enables calculation of the surface tension of a medium relative 

to water (Eq. 3.1). 

𝛾𝑟 =
𝛾2

𝛾1
=  

𝑛1

𝑛2
𝜌𝑟        (Eq. 3.1) 

The viscosity measurements of aqueous solutions and microemulsions were 

performed using an Ostwald viscometer [15]. 
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The surface of the copper deposited features, by means of the EnFACE methodology, 

were analysed by an Olympus BX41 microscope within a magnification range of 5 to 

50 times. The microscope was mainly used to analyse the correct definition of the 

microstructures.  

 

X-ray fluorescence analysis (XRF) is an analytical technique which allows for 

characterisation of the elemental composition of the samples. XRF analysis is based 

on the fact that atoms emit different energies when they are excited by X-rays. The 

excited photons enable qualitative and quantitative analysis of most elements in a 

given sample. First, the X-rays dislodge an atom from the inner shell. Then, the atom 

from an outer shell fills the inner shell (K or L). The excited atom releases energy in 

the X- ray region of the wavelength as it returns to the ground state. The energy of the 

released photons is equivalent to the difference between the two different shells.  

Thus, each element possesses different characteristic lines in the spectrum because 

each type of orbital transition produces a distinct X-ray [16, 17]. In the present study, 

Fischerscope X-Ray system XDL equipment (University of Barcelona) was used for 

the determination of the deposit (CoNi, CoPt) compositions.   

 

Scanning electron microscopy (SEM) uses a very thin and focused beam of high-

energy electrons to generate an image and a variety of signals at the surface of solid 

specimens, which reveal information about the surface morphology, chemical 

composition (using energy dispersive X-ray spectroscopy (EDS)), crystalline structure 
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and orientation (electron backscatter diffraction (EBSD)) of the prepared samples 

(Figure 3.8). Therefore, it was used to study the morphology and grain size of the 

prepared materials [18 – 20]. The penetration depth of the electrons depends directly 

on the acceleration voltage and inversely with the Z number of the sample.  

The signals include secondary electrons, which produce SEM images, backscattered 

electrons, which produce BSE images that reveal the different Z numbers of the 

different elements constituting the sample, diffracted backscattered electrons (EBSD) 

that are used to determine the crystal structures and orientations of minerals, photons 

(characteristic X-rays that are used for elemental analysis), visible light 

(cathodoluminescence (CL)), and heat [18 – 20]. In the present study, several SEM 

setups were used (usually operated at voltages between 15 and 20 kV): JEOL JSM-

7100F (Centres Científics i Tecnològics de la Universitat de Barcelona (CCiT-UB), 

field-emission Hitachi H-4100FE SEM (CCiT-UB) and field-emission JEOL JSM-

6510 SEM (CCiT-UB). It is important to highlight that the spatial resolution of field-

emission SEM is from 3 to 6 times higher than conventional SEM equipment.   

In this work, FE-SEM technique has been used to observe the morphology of 

continuous films (of Co, CoNi, and CoPt@Ni), porous films (Co, CoNi and CoPt), 

and nanostructures (CoPt, CoNi, CoNi@Pt and CoNi@Au nanowires). Samples have 

to be conductive and electrically grounded to avoid an excess of charge on top of the 

surfaces. Therefore, for the samples prepared over substrates with low conductivity 

(silicon) covered with a seed layer (Ti/Au), it was necessary to apply a colloidal silver 

strip between the surface and the stub to improve the electrical contact in order to 

avoid artefacts.  

 

Energy dispersive X-Ray spectroscopy (EDS) is an analytical technique that allows 

for rapid and easy characterisation of the elemental composition of sample surfaces. 

As introduced in the previous section, energy dispersive X-Ray spectroscopy makes 

use of the X-rays emitted by a solid sample bombarded with a focused beam of high-

energy electrons to obtain a localised chemical analysis [18 – 20]. The EDS system is 
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connected with the previously introduced SEM (or FE-SEM) system. The EDS 

characterisation capabilities are due, in a large part, to the fundamental principle that 

each element has a unique atomic structure allowing for a unique set of peaks in its X-

ray spectrum (characteristic X-Ray radiation). Calibration of the equipment was 

necessary before taking the measurements. EDS was the main method used to 

determine the composition of the electrodeposited materials (CoNi, CoPt, CoNi@Pt, 

CoNi@Au, and CoNi@Pt nanostructures).   

 

Figure 3.8: Schematic representation of a conventional field-emission scanning electron 

microscope (FE-SEM).  
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Electron probe microanalysis (EPMA), also called electron microprobe analysis, is an 

analytical technique that is used to establish the composition of small areas on 

specimens. A beam of accelerated electrons is focused on the surface of a specimen 

using a series of electromagnetic lenses, and these energetic electrons produce 

characteristic X-rays within a small volume of the specimen [18 – 20]. The 

characteristic X-rays are detected at particular wavelengths, and their intensities are 

measured to determine the compositions. The microprobe used has a wavelength 

dispersive spectrometry (WDS) system; it is outfitted with five WDS spectrometers 

and eight different crystal types. Wavelength dispersive spectrometers are "tuned" to 

the X-ray characteristics of interest for analysis. By changing the angle of incidence 

of the X-rays, the crystal will constructively diffract X-rays of specific wavelengths. 

Different analyser crystals are used to cover the entire X-ray spectrum, with lithium 

fluoride (LIF), pentaerythritol (PET) thallium phthalate acid (TAP) and artificial 

layered dispersive element (LDE) crystals being the most commonly used. WDS 

offers more accurate quantitative analysis and better resolution of overlapping peaks, 

compared to the EDS technique, for improved identification and quantification. This 

is important for establishing the elemental composition of CoPt nanoparticles 

prepared on Si/Ti/Au substrates. The elemental compositions of several deposited 

nanostructures were measured using electron probe microanalysis by wavelength-

dispersive X-ray spectroscopy with CAMECA SX-50 equipment (CCiT-UB).   

 

Transmission electron microscopy (TEM) is a technique that offers us tools to 

characterise materials at the nanoscale. Transmission electron microscopy allows us to 

extract advanced structural and chemical information with resolutions below the Å 

range in space and 100 meV in spectroscopic information [21, 22]. It is a microscopy 

technique whereby an electron beam is transmitted through a sample, interacting with 

the specimen as it passes through (Figure 3.9). The transmitted electrons are collected 

with a CCD CAMECA (CCiT-UB) and processed to obtain an image. Therefore, 

TEM and selected area electron diffraction (SAED), which is a crystallographic 
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experimental technique, were employed in order to reveal microstructural aspects of 

the prepared nanostructures.  

High resolution TEM (HRTEM) is an imaging mode of TEM which is used to obtain 

an image of the crystallographic structure of a layer at an atomic scale, which is an 

invaluable tool for studying nanoscale properties of crystalline materials. In this 

technique, electrons interact with the specimen and are then focused and magnified to 

form a high resolution image. In addition, fast Fourier transform (FTT), together with 

high-resolution images, also allowed us to studying the crystalline structure. The 

selected area electron diffraction and high resolution images of samples were analysed 

with DIFPACK and Digital Micrograph software. The equipment used for high 

resolution transmission electron microscopy was a JEM JEOL 2100 (CCiT-UB), a 

JEOL JEM 2010F (CCiT-UB), a Hitachi MT TEM (CCiT-UB) and a Phillips CM-30 

(CCiT-UB).   

 

Figure 3.9: Basic schematic representation of the electron beam interaction in a TEM 

specimen.  
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The preparation of nanoparticles, nanorods and nanowires for TEM observation was 

rather simple. A dilute sample containing the specimen was directly cast onto a 

carbon-coated copper grid sample holder. The materials have dimensions small 

enough to be electron transparent.  

 

X-ray diffraction (XRD) is used for the investigation of crystal structures and 

crystallographic orientations. This technique consists in focusing an X-ray beam on 

the sample with an angle (𝜃), and measuring the diffraction angles of the scattered 

beam (Figure 3.10). When Bragg’s law (Eq. 3.2) is verified, constructive 

interferences are formed and the intensity of the peaks is measured [23]. 

2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃 = 𝑛𝑥𝜆       (Eq. 3.2) 

In Bragg’s law, 𝑑ℎ𝑘𝑙 is the distance between lattice planes, 𝜆 is the X-ray wavelength, 

𝑛𝑥 is the diffraction order and 𝜃 is the angle between the X-ray beam and the samples 

surface. X-ray diffraction can be used to determine the crystal structure, chemical 

analysis, stress measurement, grain size and the orientation in the polycrystalline 

aggregate.  

In our case, a Philips MRD diffractometer (CCiT-UB) with parallel optical geometry 

using Cu Kα radiation (𝜆 = 1.5418 Å) and a texture goniometer, which allows control 

of the sample rotation about the three axes, was used by applying different methods, 

depending on the required information. Grazing incidence X-ray diffraction has also 

been employed to characterise the crystallographic structure and preferred orientation 

of the thinner samples in order to avoid substrate interference. The 2𝜃 range, step and 

measurement times were different depending on the analysed sample. By analysing 

the diffraction patterns, the crystallographic orientation can be estimated from the 

resulting peaks positions. The full width at half maximum (FWHM) can be directly 

obtained from the peak profile. The crystallite size (D) and the average width of the 

microstrain distribution (e) can be semi-quantitatively deduced from the broadening 

of the adjusted pseudo-Voigt function to the diffracted peaks. The estimation of the 
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crystallite size D (volume-weighted domain size in the direction perpendicular to the 

diffracting lattice planes) and of the width of the microstrain distribution are 

qualitative approaches useful to compare different samples within a series. However, 

absolute values cannot be taken into account since XRD is sensitive to any 

crystallographic defects.  

 

Figure 3.10: Schematic representation of XRD geometry.  

 

Confocal microscopy uses a focused beam of light to scan the surface of the samples 

in order to measuring both thickness and roughness of the electrodeposited films and 

microstructures. The light is detected by a photomultiplier tube thorough a pinhole or 

slit in order to eliminate the out of focus light. A Leica DCM 3D confocal microscope 

(CCiT-UB) was used. The Leica DCM 3D system, which combines confocal and 

interferometry technology for high speed and high-resolution measurements down to 

0.1 nm, has been designed with dual core technology for fast, non-invasive 
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assessment of micro and nanostructures of technical surfaces, in multiple 

configurations.  

 

The X-ray photoelectron spectroscopy is used for the investigation of the elemental 

composition of materials, which allows identifying the species and stoichiometry.  

This technique consists in focusing an X-ray beam on the sample and counting the 

emitted electrons, which proceed from the outer layers of the different atoms that 

form the material, as a function of their kinetic energy, which is easily converted into 

the corresponding binding energy of the material. In this present thesis XPS was used 

in order to verify the absence of any ionic liquid traces (viscous component) in the 

electrodeposited CoPt mesoporous films. XPS spectrums were registered using a 

Phoibos 150 analyser – SPECS GmbH – (Institut Català de Nanociència i 

Nanotecnologia, Cerdanyola del Vallès, Catalonia) in ultra-high vacuum conditions 

(base pressure 3 10-3 mbar) with a monochromatic aluminium Kalpha X-ray source 

(1486.74eV). 

 

A superconducting quantum interference device (SQUID) has been used to determine 

the magnetic behaviour of several electrodeposited structures. It uses the properties of 

electron-pair wave coherence and Josephson junctions to detect very small magnetic 

fields [24, 25]. It consists of a superconducting loop with one or two Josephson 

junctions. A Josephson junction is made of two superconductors, separated by a thin 

insulating barrier or non-superconducting (insulating) layer sufficiently thin, so that 

electrons can pass through (tunnelling) the insulating barrier. When a voltage is 

applied, the current flow stops and the current begin to oscillate (Josephson effect). 

The Josephson effect is influenced by magnetic fields in the vicinity. Therefore, if an 

external magnetic field is then applied, a different current will appear in each branch, 

causing a current phase difference in the junctions that is dependent of the magnetic 
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flux (Figure 3.11). It is very sensitive and can measure extremely weak magnetic 

fields [24, 25].  

 

Figure 3.11: Schematic representation of a SQUID. 

The magnetisation-magnetic field (M-H) curves were recorded at room temperature in 

helium atmosphere using a SQUID magnometer Quantum Design MPMS XL (CCiT-

UB and Institut Català de Nanociència i Nanotecnologia,). M-H curves were recorded 

with the magnetic field applied parallel and perpendicular to the samples, and in some 

cases it was applied in the two directions in the plane of the sample in order to study 

the magnetic anisotropy.   

Figure 3.12 shows typical magnetisation-magnetic field curves. The saturation (Ms) is 

the maximum possible magnetisation of a material, the coercivity (Hc) is the magnetic 

field required to reduce the magnetisation of the material to zero after being 

magnetised and the remanence (Mr) is the remaining magnetisation when, after taking 

the material to magnetic saturation, the applied field is driven to zero. Moreover, 

another interesting parameter is the magnetic susceptibility (Xm), which gives 

information about how easily the material responds to the applied magnetic field.  
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Figure 3.12: Example of a magnetisation-magnetic field hysteresis loop. The main parameters 

that characterise the M-H curves are shown.  
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In the case of nanostructured films, the electrocatalytic measurements have been 

carried out directly on the as-prepared films. However, in the other cases, the 

prepared materials were placed on a glassy carbon electrode. Glassy carbon rods 

(Metrohm) electrodes of 0.0314 cm2, which were polished carefully with alumina 

powder prior to use, were used as a support of nanometric prepared catalysts. 

Suspensions of nanorods with water or water/ethanol mixtures, with or without 

Nafion®, were dropped on the surface of the glassy carbon and then dried under 

nitrogen flow, resulting in a homogenous catalyst coating.   

 

Polycrystalline metal surfaces often contain defects, which can be significant on the 

atomic or molecular scale. Therefore, real areas (such as electrochemical surface 

areas) could be orders of magnitude greater than the geometric surface area (Ageom) of 

the electrode, which is especially significant when dealing with surface reactions such 

as adsorption and catalysis [26, 27]. The electrochemically active surface area or the 

amount of surface atoms exposed to the electrolyte can be obtained from the 

following equation (Eq. 3.3): 

𝐸𝐶𝑆𝐴 =
𝑄𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝑄𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
       (Eq. 3.3) 

where Qmeasured is the charge (μC) measured by integration of a voltammetric peak 

associated with an adsorption process, while Qtheoretical (μC cm-2) is the charge required 

for monolayer coverage of 1 cm2 of electrode surface by the adsorbed species. If 

Qtheoretical is known for a certain system, this then allows for ECSA (cm2) 
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determination. For nanostructures, ECSA is often reported in terms of its specific 

surface area (m2 g-1), in order to account for the metal loading on the catalyst support 

or nanocarrier. However, for films, it is often reported in terms of its roughness factor 

(RF), which is defined by the following equation (Eq. 3.4): 

𝑅𝐹 =
𝐸𝐶𝑆𝐴

𝐴𝑔𝑒𝑜𝑚
       (Eq. 3.4) 

For Pt base nanostructures, the ECSA or the amount of surface atoms exposed to the 

electrolyte can be obtained from the total charge passed during hydrogen 

adsorption/desorption region (after accounting for the double layer capacity) [26]. It 

cannot be used with gold, which has no hydrogen adsorption region or with 

palladium, which absorbs hydrogen. However, for Au base nanostructures, the ECSA 

could be obtained from the total charge passed during the oxide reduction region 

(after accounting for the double layer capacity) [27]. Therefore, the ECSA of the 

catalyst modified electrode was evaluated by measuring the hydrogen ad-/desorption 

or oxide reduction charges in 0.5 M H2SO4 from cyclic voltammetry curves. The 

ECSA values of CoNi@Au nanocarriers for drug delivery have been estimated using 

the method explained in this section.   

 

Characterising and evaluating the electrocatalytic activity of the prepared 

nanomaterials is an extremely important aspect for performance optimisation of 

electrocatalysts and requires several electrochemical methods. For instance, in this 

work the electrochemical activity was evaluated by cyclic voltammetry, linear sweep 

voltammetry or chronomethods (all of them are explained in section 3.1) in acidic or 

alkaline media in a three-electrode cell consisting of Ag/AgCl/3M KCl, Pt, and a 

glassy carbon electrode with catalysts, as the reference, counter and working 

electrodes, respectively.  
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Nanorod functionalisation has been corroborated by means of electrochemical probe 

experiments, by recording cyclic voltammetries of the Fe(II)/Fe(III) system in a 0.2 M 

KNO3 + 2 mM K4[Fe(CN)6] + 2 mM K3[Fe(CN)6] solution. For each experiment, 

suspensions of functionalised and non-functionalised nanorods were dropped on the 

surface of a glassy carbon electrode (Metrohm) rod of 0.0314 cm2 and then dried 

under nitrogen flow.  

 

Drug retention analysis was carried out using an AMINCO-Bowman Serie 2 

spectrofluorometer (University of Barcelona) with a micro-cell (1 mL) thermostated 

at 25 ºC.  The basis of this method is a luminescence process, which occurs when an 

atom or molecule (fluorophore) relaxes to its ground state, after being electrically 

excited by emitting light. When light from an external source interacts with the 

fluorophore electrons are excited in a higher energy state. As the excited fluorophore 

is unstable at higher energy states, it relaxes from its higher energy state to a meta-

stable state via small non-radiative transitions and then finally releases its excess 

energy from the meta-stable excited state to the ground state via a radiative transition 

through the emission of light. 

In the present study, fluorescence emission and excitation spectra were recorded in 

order to studying the drug retention and release of fluorescent drugs. In order to 

determine the concentration of the drug released, a calibration curve was necessary to 
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compare the unknown concentration to a set of standard samples of known 

concentrations.   

 

Cellular assays were performed to detect the viability of different electrosynthesised 

nanowires (as drug carriers) and to analyse the effect of the gradual release of the 

drugs into the cells. Cell line used was Human HeLa cervical adenocarcinoma cell 

line (ATCC CCL-2). Cell lines are adherent cells and grow up to form cellular 

monolayers toward confluence after seeding. These cells were cultured at 37 ºC in a 

humidified sterile atmosphere of 95% air and 5% CO2, using Dulbecco's modified 

Eagle´s medium (DMEM) supplemented with fetal bovine serum (10% v/v), glucose 

(4.5 g L-1), L-glutamine (292 mg L-1), streptomycin sulfate (10 mg L-1) and potassium 

penicillin (10000 U L-1). Cell lines were maintained frozen in DMEM with 10% 

DMSO. 1.8 mL CryoTubesTM (Nunc, Nalge Nunc International, IL) were filled with 

the cell suspension and placed in a cell Cryo 1 ºC freezing container (Nalgene, Nalge 

Nunc International, IL) to be slowly frozen up to -80 ºC at a cooling rate of -1 ºC min-

1 for successful cell cryopreservation. Frozen cells were rapidly transferred to a liquid 

nitrogen container (-196 ºC) and stored. 

 

The carriers (nanorods or nanowires with and without drugs) effect on cell viability in 

absence of light was determined by the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-

diphenyltetrazolium bromide) colorimetric assay, which detects living, but not dead, 

cells. This assay is based on the reduction of tetrazolium salt to form a formazan dye 

using the electrons given by the mitochondria of viable cells. The methodology 

consists of the following steps: (1) cells were seeded in 24- or 96-well plates and 

cultured until 70-75% confluence and, (2) cells were incubated in the dark with the 

corresponding nanostructure for 18–24 h, (3) cells then were washed three times with 

sterile Dulbecco’s phosphate-buffered saline (PBS and replenish with fresh media and 

lastly, (4) DMEM containing 0.05 mg mL-1 MTT was added and incubated for 3 h at 
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37 ºC. The medium was replaced by DMSO and the absorbance at 550 nm was read 

on a Bio-Rad benchmark plus micro-plate reader (Bio-Rad, Hercules, CA). When the 

nanostructures were incubated with drugs the following step was introduced before 

the MTT addition. Cells were incubated for 24 h before the MTT assay for cell 

viability. Experiments were performed in triplicate. 

 

The cellular uptake of the studied nanocarriers with loaded drugs was determined by 

confocal microscopy with Leica TCS SP2 equipment (CCiTUB). In this case, the 

methodology consists of the following steps: (1) cells were seeded on a Chamber 

Coverglass Nunc Lab-Tek II (8 Well de VWR) and grown toward 70-75% of 

confluence; (2) then were incubated with DMEM containing 20 µg mL-1 of the 

corresponding vehicle for 24 h and (3) afterwards, the medium was discarded and the 

cells were washed three times with PBS. In order to confirm the intracellular 

localisation of the nanorods, the cytoplasm of the cells were labelled with a binding 

solution of 5μM CMFDA of let cell tracker (C7025 Thermo Fisher) in serum-free 

culture medium. The methodology of labelling consists of the following steps: cells 

were (1) washed twice for 5 min with DPBS 1X and (2) incubated 30 min at 37 ºC 

with the binding solution; then were (3) washed twice for 5 min with DPBS 1X and 

(4) incubated 30 min with complemented cell culture medium; and lastly were 

washed twice 5 min with DPBS 1X.  After labelling, confocal microscopy was used 

to image the cells.  
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The work presented in this chapter focuses on the use of Electrochemical nano-

Fabrication using Chemistry and Engineering (EnFACE) technology to obtain 

micrometric metallic structures by electrodeposition on unmasked substrates. This 

methodology aims to electro-transfer patterns on large-scale A7 size substrates in 

ultrasound conditions; EnFACE technology is, therefore, an electrochemical method 

for sustainable pattern transfer. It was invented at Newcastle University (UK) by Prof. 

Roy and is currently under development. In this project, improvements to the 

EnFACE method have been studied, focusing on scaling-up of the process for 

industrial applications. However, before considering and discussing the possibility to 

use this technology to transfer patterns on a large scale, it is mandatory to briefly 

analyse the various methods, especially lithography, that have been largely proposed 

in the literature regarding the microfabrication process (section 4.1). 

As a second step (section 4.1.2), it is important to introduce the state-of-art use of 

EnFACE technology, which has been demonstrated as a successful mask-less method 

to transfer metallic structures of millimetre and micrometre scale onto flat small 

substrates, performing selective deposition or etching on an unmasked substrate. 
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Based on the previous studies published by Prof. Roy, it is also important to 

emphasise that the development and optimisation of this technique is mandatory in 

order to prove the scalability viability.  

Therefore, in section 4.1.3 we have tackled this issue by developing the conditions in 

which EnFACE technology acts as a fast, versatile, simple and highly effective 

procedure to transfer copper micrometre and millimetre lines onto A7 substrates. We 

have demonstrated that this novel approach is significantly better than the classical 

through-mask electrodeposition using photolithographed substrates, since permits 

propose EnFACE technology as a scalable, economic and environmentally friendly 

synthesis procedure, with better shape definition (micrometre lines and millimetre 

squares) and a significant gain in terms of the lifetime of the electrochemical tool. 

Thus, the selected conditions (ultrasound power, bath composition and current 

densities) demonstrate that EnFACE methodology is an excellent candidate for 

scalable micro/millimetre fabrication procedures. 

This chapter focuses on the optimisation and development of a new electrochemical 

microfabrication route, based on the sono-electrotransfer of millimetre and 

micrometre patterns of copper. Unlike the later chapters of this thesis, in which we 

mainly focus on the synthesis of Co-based nanostructures for catalysis or biomedical 

applications, this work must be placed in the microfabrication field, especially for the 

manufacture of electronic products such as Integrated Circuits (ICs) and Printed 

Circuit Boards (PCBs). However, progress could be made in the sono-

electrodeposition transfer using EnFACE methodology in order to achieve their final 

aims: scalability and nano-transferring.  

 

 

 

 

 



 Mask-Less Electrodeposition to Synthesise 

Metallic Microstructures  

 

 

- 75 - 

 

 

The microfabrication techniques used in microelectromechanical systems (MEMS), 

microfluidics, and micro-optics, amongst other technologies, were originally 

developed for the Printed Circuit Boards (PCBs) industry in 1943, when the first PCB 

was built. It is important to emphasise that microfabrication technology is closely 

linked with the standard fabrication methods developed for the electronic, especially 

semiconductor, industry [1 – 5]. In this section, a brief introduction to the most 

frequently microfabrication methods used in manufacturing microstructures will be 

presented in order to contextualise and understand the proposal that was developed in 

our study. In this sense, it is important to emphasise that most microfabricated 

systems require a method of the fabrication of a pattern on a substrate [6, 7].  

Nowadays, the most commonly used technique in the microfabrication process is 

lithography, which is a fabrication process where a micrometre size drawing of the 

device is delineated onto a substrate [8, 9]. Mostly, three different lithography types 

could be distinguished: photolithography (the most widely used technique), electron-

beam lithography and ion-beam lithography [10]. The photolithography 

(schematically illustrated in Figure 4.1) process starts with spin-coating the substrate 

with a photoresist, which is mostly a polymeric photosensitive material, and then is 

exposed to an ultraviolet light source through a photomask. It is important to note that 

two different kinds of photoresist are available: positive (UV-exposed areas will be 

dissolved in the developing solution) and negative (the exposed areas will remain 

intact after UV development in the developing solution).  In either case, the pattern on 

the photomask is transferred into the film of photoresist; and therefore, the patterned 

photoresist can subsequently be used as the mask in thin-film deposition or doping 

(for example: chemical vapour deposition (CVD), evaporation, sputtering, 

electrodeposition, and pulsed laser atomic layer deposition) or etching the substrate 

(for example: wet etching and dry etching) [11 – 15]. Thus, it is important to 
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recognise that this method presents some disadvantages as it requires a large number 

of steps, in which a different photoresist mask is required for each production process; 

the process has to be carried out in a very clean and controlled atmosphere, which 

demands safety protocols leading to a high operation cost; and moreover, the 

fabrication of patterns of resolution within the nanometre range is also under 

development. 

 
 

Figure 4.1: Schematic representation of the microfabrication process using lithography.   
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Alternatively, different micro-nano transfer methods which do not require the use of a 

mask (mask-less processes) have been developed; with the most significant ones 

being shown below: Laser direct imaging (LDI); inkjet techniques; 

electrohydrodynamic atomisation (EHDA); and electrochemical methods such as 

electrochemical printing (EcP) and electrochemical micromachining (EcM) [16 – 18]. 

However, these methods present some important problems for scaling to an industrial 

level. 

Recently, researchers from Newcastle University (UK) proposed a new versatile 

electrochemical microfabrication method named Electrochemical nano and micro 

Fabrication by Chemistry and Engineering (EnFACE), which involves an 

electrochemical pattern transfer without the application of a mask onto the substrates, 

resulting in a new mask-less process (schematically represented in Figure 4.2) [19 – 

22] . However, it is important to note that this process does not avoid the use of a 

physical mask completely; however, one patterned tool could be used several times to 

electro-etch or electrodeposit.   

As can be seen in Figure 4.2, EnFaCE technology requires careful control of the 

reactor design, and a narrow inter-electrode gap of less than 500 µm. Moreover, 

EnFACE technology can introduce important advantages in the microfabrication 

process, especially in terms of costs, as one patterned tool can be used repeatedly 

resulting in a much faster, safer and more environmentally friendly method than 

photolithography. However, the thin gap between the electrodes can limit the mass 

transport and possible gas evolution during the process, resulting in bubble formation 

and retention, could limit its potential use. Moreover, an additional problem 

accompanying gas evolution is pH change, which can passivate the surface of the tool 

and/or substrate. Therefore, a method to provide adequate mass transfer within the 

two electrodes is essential in order to fully exploit the potential of this mask-less 

method.  
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Figure 4.2: Schematic representation of EnFACE methodology.    

First studies about this methodology were based on the use of an electrochemical flow 

cell with copper disc electrodes placed at an inter-electrode distance of 300-500 μm, 

which allowed defined patterns of 5 to 100 µm by electro-etching, and allowed the 

best conditions (low conductivity and optimum values of inter-electrode gap) to be 

found on millimetre substrates [19 – 22]. These works allowed knowledge that the 

control of hydrodynamics, as a consequence of the tapped bubbles within the inter-

electrode gap, was essential for good pattern transfer. Further studies showed that it 

was also an appropriate methodology for pattern transferring by the electrodeposition 

of different shapes (linear, circular, square patterns) onto the nickel of copper 

substrates of several millimetres. These studies analysed efficiency, pattern definition, 
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and deposit roughness, among other features, as well as its optimisation. Recently, 

researchers were focused on the application of ultrasound agitation to the EnFACE 

process in order to study the mass transfer; and investigated whether it was possible to 

scale-up EnFACE by using this agitation method [19 – 23]. For industrial scaling, and 

in order to know the process, three different electrochemical deposition systems were 

studied (a flow cell, which is not suitable for scaling up to larger areas, a 500 mL lab-

scale cell and an 18 L ultrasound tank reactor). According to these works, the use of 

ultrasonic vibration is essential for the definition of micro-structures. These works 

allowed good pattern definition, relatively high efficiencies and important reductions 

in cost to be obtained, as 20-25 pattern transfers could be made with one tool, only 

when millimetre substrates were used. However, pattern deposition experiments on 

A7 size substrates (width: 74 mm and height: 105mm) in the 18 L ultrasound tank 

reactor allowed millimetre squares to be transferred with a relatively acceptable 

definition; however, the deposition of μm-scale features using EnFACE was found to 

be mainly related to the non-uniformity of the electrode gap across the plate, which 

causes a non-uniform current distribution across the plate resulting in large variation 

in deposit thickness and definition across the plate. Therefore, the state-of-art of 

EnFACE technology allowed scale for mm-scale features onto A7 substrates; 

however, the poor-quality of µm-scale deposit features was insufficient to be 

proposed as an acceptable methodology [24 – 26].  

In this work, we demonstrate that Electrochemical nano-Fabrication using Chemistry 

and Engineering (EnFACE) technology is a successful mask-less method to transfer 

metallic structures in the millimetre and micrometre scale onto flat substrates, 

performing selective deposition on an unmasked substrate. We have develop the 

conditions in which EnFACE technology acts as a fast, versatile, simple and highly 

effective procedure to transfer copper structures, in the micrometre and millimetre 
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scale, onto A7 substrates with acceptable quality. Therefore, this is the first 

demonstration of this technique using large substrates.  

A photolithographed anode was used to transfer patterns of copper onto a cathode by 

maintaining very narrow separation (300 µm) between the two electrodes and stirring 

the fluid in the inter-electrode gap by ultrasonic stirring (sono-electrodeposition 

transfer). The effect of the plating additives to further improve the deposit properties 

in the EnFACE methodology was analysed. According to our results, a non-acidic 

bath with moderate metal ion concentration (0.1 M CuSO4) and low content of 

additives, which differs from the standard composition of plating additives, may be 

suitable as the optimum solution for this process.  

The experiments of the transfer of copper patterns with the form of squares of 

millimetre dimensions were performed in an 18 L ultrasonic tank, onto large area 

substrates. These experiments allowed the microfabrication, at low US power (5 W  

L-1), of well-defined metal structures with an average thickness of 4.4 µm and current 

efficiency of 90%. Experiments of the determination of limiting current at different 

ultrasound powers were carried out prior to starting with the sono-electrodeposition, 

in order to select the optimal conditions to achieve better definition and prevent 

bubble formation as a consequence of secondary reactions. Taking into account the 

better conditions to transfer the copper patterns with square shape and millimetre 

dimension, linear structures of 200-240 µm were also electrodeposited at low US 

power (5 W L-1), which led to well defined copper patterns with current efficiencies 

of 60% and 55% at 20 and 30 mA cm-2, respectively.  

It can therefore be stated that the EnFACE process is currently scalable for the 

preparation of metallic structures of millimetre or micrometre dimensions on A7 size 

substrates with acceptable efficiencies and excellent definition and uniformity. The 

same patterned anode can be used for several transfers. However, further work would 

be required to improve the times that the anodes could be used as well as reducing the 

size of the transferred patterns.   
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A B S T R A C T

A patterned anode tool was used to transfer electrodeposited microstructures on to an un-patterned A7
sized cathode by maintaining very narrow separation (300 mm) between the two electrodes and
agitating the fluid in the inter-electrode gap by ultrasonic means. A non-acidic copper solution with a low
content of metal ions and additives was used. Limiting current experiments were initially performed to
demonstrate that improved and uniform agitation could be maintained within the inter-electrode gap at
relatively low ultrasonic powers of 5 to 30 W L�1. The best pattern definition was obtained at a US power
of 5 W L�1 and a current density of 20 mA cm�2. Importantly, the results obtained were comparable to
those obtained by conventional through-mask plating. A single anode tool could be used to pattern up to
five substrates, substantially minimising the amount of lithographic processing required. These results
suggest that the proposed technique is a useful mask-less microfabrication process for pattern transfer on
to large substrates.
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his typically involves coating the substrates with a photoresist
nd then patterning it using conventional photolithography. This
hotoresist then acts as a mould to define the areas of electro-
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hey are serial fabrication methods and therefore less

 the volume production of micro-devices. The
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ically, thereby avoiding the use of the classical hard-

lopment of alternative microfabrication technologies
 batch processing but avoid or minimise repeated and
rning of the substrate is therefore of considerable
,17]. The Electrochemical nano Fabrication using
nd Engineering (EnFACE) technology is one such
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echnique advocates the use of a patterned masked electrochemi-
al tool which is positioned close to the substrate, and a current is
hen imposed to transfer the tool pattern on to the substrate [18–
1]. The process does not avoid the use of a physical mask
ompletely, but has the advantage that a single patterned tool can
e used to electro-etch or electrodeposit many substrates.
ompared to the standard technique of through-mask plating
Fig. 1) where each substrate has to be individually patterned with

 resist mask [4,6] this results in significant reduction in material
sage, processing time and cost.
The proposed technique does, however, require careful control

f the reactor design, and a narrow inter-electrode gap of less than
00 mm [17–20]. The thin gap between the electrodes can limit
ass transport and anodic or cathodic gas evolution resulting in
ubble formation and retention has also been recognised as issue
20,21] which could limit its potential use. In addition, it has been
hown that an acceptable deposition rate requires high and
niform mass transport in the inter-electrode gap. Similarly, good
eature definition which exhibit minimum current spreading
equires the use of a narrow and repeatable gap and a low
onductivity (i.e. acid-free) electrolyte [17–20]. Therefore, in order
o fully exploit the potential of the technique, a method to provide
dequate mass transfer between the two closely spaced electrodes
s essential.

Previous researchers working with this method have proposed
he use of ultrasonic (US) agitation as a strategy to achieve good
ass transport in the narrow inter-electrode gap [22,23]. They
ave also demonstrated that continuous or pulsed US agitation can
ignificantly improve the mass transfer within a narrow electrode
ap during copper deposition [22,23]. Using this method, they have
ecently performed copper pattern transfers on to A7-sized
lectrodes at high US powers (>30 W L�1) demonstrating the
easibility of scaling up the process to large area substrates [24].
owever, a number of potential issues were identified in this initial
ork. Firstly, the use of high ultrasonic powers was found to reduce
he life of anode tool by damaging or de-laminating the photoresist
ask. Cavitation induced pitting of the surface of the tool and
ubstrate was also reported at the highest powers. A large degree of
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Fig. 1. Schematic diagram of EnFACE patterning process versus the conve
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ing much wider feature than on the anode tool. A final
hat the cavitation bubbles formed at these high powers
ned in the gap and degrade the pattern definition.
aper we describe the electrodeposition of patterned
o A7 sized copper plates at relatively low ultrasonic
cally 5–30 W L�1) in an attempt to minimise some of

 effects identified in earlier work [24]. In addition, a
ath with a low content of additives is used, which has
een shown to produce copper deposits with character-
tible with the printed circuit board industry [25]. This
st to the earlier study [24] which did not employ any
d typically employed much higher ultrasonic powers.

 reported here are directly compared with these
ndings and also against those obtained using the
ough-mask plating process.

ental

ls and Materials Used

een previously demonstrated [19] that the EnFACE
uires an acid-free bath and recently [25] it has been
low concentrations of commercial additives, which are
ed to plate printed circuits boards (Copper Gleam HS
lectronic Materials), can be used effectively with these
The electrolyte solution used in experiments contained
, 5 mL L�1 of Gleam HS-200B, 2.5 mL L�1 of Gleam HS-
5 mL L�1 of HCl. The Gleam HS-200B additive is a large
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ressor. Similarly, the HS-200A additive is an unidenti-
sulfur species which acts as a brightener/accelerator.
yte solutions were prepared with deionized water with

 of 13.7 MV cm.
ized electrodes used in these experiments were high-
, oxygen-free copper plates of 99% purity (Advent
aterials). The cathode substrate and anode tool had the
mensions: width 74 mm, height 105 mm and thickness

onal through-mask plating methodology.
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.1 mm. Before each experiment, the cathode plates were manually
olished with #1200, #2000 and #4000 grit SiC paper. They were
en cleaned in a Decon 90 solution, rinsed with deionised water
nd dried thoroughly using nitrogen.

.2. Experimental Apparatus

Electrochemical experiments were carried out in an 18 L
ltrasonic tank reactor with transducers mounted on the sidewalls
nd bottom of the tank (Fig. 2). Special PVC electrode holders were
sed to mount the large A7 size substrates and tools in the tank
ith a narrow and uniform inter-electrode gap. A detailed
escription of the tank, the PVC holders, and their methodology
f loading and unloading them has been provided in detail in
eference [24], and is therefore not described here. A standard
alorimetric method was used for measuring and calibrating the
ltrasonic power prior to the copper deposition experiments
6,27]. The electrodeposition experiments were of two different
arieties: (1) limiting current experiments to determine the degree
f mass transport induced by US agitation, and (2) pattern transfer
xperiments to determine the thickness, surface roughness and
ature dimensions of the electrodeposits. All the electrochemical
xperiments were carried out under galvanostatic conditions using
 DC power supply (Thurlby Thandar PL320).

.3. Limiting Current Experiments

It is known that the application of ultrasonic irradiation during
lectrodeposition leads to chemical and physical effects such as
ass transport enhancement and surface cleaning [28–30]. Mass
ansport enhancement effects can usually be assessed by
easuring the limiting current in a conventional three-electrode
ystem [31,32]. However, when larger electrodes are used, and if
e counter and working electrodes are in close proximity, the use
f a third (reference) electrode is not possible [31]. Additionally,
revious experimentation has shown [24] that limiting currents
an be measured only if the inter-electrode gap is at least 1.5 mm,
hich is the value used in these experiments. Since agitation can
ary at different locations within the inter-electrode gap, the
miting current was measured at different positions. These are
hown as regions B and F in Fig. 1S. In the present work a power
nge of 5 W L�1 to 30 W L�1 is used.
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For each experiment the A7-sized electrodes were initially
aded into Perspex holders (Fig. 1S). The limiting current
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characterise
metrology s
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ig. 2. Top view schematic of the ultrasonic tank and electrode assembly. Note that
nly the transducers (US) on the sides of the tank are shown.
 at each US power were then carried out by applying
sities of j = 10–120 mA cm�2 for 30 seconds and
he overall cell potential, E. This method of estimating

 current is often employed in industrial situations
e of a reference electrode is impractical or impossible
iting current density (jlim) was obtained directly from

 region of the j-E plots. Each limiting current
was repeated three times and carried out individually
positions. During these experiments the remainder of
 substrate was masked with protective layer of spray-
ist. The anode in these experiments was an un-
7 copper plate, and the inter-electrode gap was

 be noted that the limiting current region can be
several factors such as the occurrence of secondary
riations in area during the metal deposition, and the
urrent and potential distributions [33]. Therefore, a
ell-defined plateau is often not obtained. Recently,
istortions in the polarisation data have been observed
electrode gaps in a parallel plate configuration [31].
as been shown [24] that a limiting current density can
ated from the experimental data, and this can then be
ss the degree of agitation within the gap.

Electrodeposition Experiments

position of patterns was performed using the A7
trates described in the previous sections. However, in
ments an inter-electrode gap of 0.3 mm was used as it
viously shown [19–21] that a gap smaller than 0.5 mm

 for good pattern transfer. Two different sets of features
ed on the anode tool: (1) 10 � 10 mm2 squares, and (2)
e linear features which were 78 mm long and

y 1000 mm of photoresist. The square features were
sing a spray-on liquid photoresist (Fig. 2S) and a
k. The linear features were fabricated using a standard
hotoresist and patterned using photolithography

e tool with the large square features was prepared
 Fig. 2S(b). Firstly, 10 � 10 mm2 areas were masked off
ive copper tape. Next, a liquid film resist (PRP Positive
Electrolube) was sprayed over the entire surface and
an air dryer for 10 minutes. The squares of adhesive

 were then removed and the photoresist cured again in
50 �C for 20 minutes. Finally, the plate was rinsed in
ater and dried thoroughly with a N2 gun.
e tool with linear micro-scale features was fabricated

 Fig. 3S. Firstly, the copper plate was cleaned with
 and dried thoroughly with N2. A 35 mm thick layer of a
ist (E9230, Eternal Chemical Company Ltd.) was then
n to the copper plate at a temperature of 110 �C. A

 with the desired linear pattern was then placed over
yer which was then exposed for 15 seconds in a UV
it. The resist was then developed for 13 minutes at
ndard K2CO3 developer (Chestech) followed by rinsing
nd N2 drying. Note that for the experiments employing
l through-mask plating the dry film resist processing

 directly to the cathode plate. It was observed that the
olution did not always penetrate the fine features of

 resist, which can lead to un-plated areas. To minimise
the substrates were immersed in a 0.5 wt% SDS
olution just prior to each experiment.
d features on the A7 copper plates were initially
d using a confocal microscope. A 3D optical surface
ystem (Leica DCM 3D) was used to determine the
nd roughness of the transferred copper patterns.
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hown for the corner (position B) and the centre (position F) of the A7
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2 16) 207–217
urface roughness is reported as Ra (arithmetical mean of the
bsolute values of the average 2D profile departures) or Sa
arithmetic mean height of the 3D surface profile).

. Results and discussion

.1. Limiting current experiments

The current-potential data gathered for the limiting current
xperiments is shown in Fig. 3. As can be seen in the figure, there is
o clear plateau, and this affects the estimation of the limiting
urrent. However, the data are similar to those observed previously
or sono-electrodeposition, and it was shown [22–24,31] that that
imiting current could still be determined in the pseudo-plateau
egion. Adopting the same procedure used previously [31] the
imiting current densities at lower power are shown in Table 1. The
imiting current for the two positions (F and B) ranges from 40–
0 mA cm�2 which compares to a value of 25 mA cm�2 in the
bsence of US agitation. According to the literature [30–32] such an
nhancement in the limiting current density with increasing
ltrasonic power is expected.
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The diffusion layer thickness, d, can be calculated from the
imiting current as follows:
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ig. 3. Limiting current experiments under DC conditions at different ultrasonic
owers. (a) corner (position B) and (b) the centre (position F) of the A7 plate. Note
hat the cell potential refers to the potential between the cathode substrate and the
node tool.
e Faraday constant, n is the charge on the electroactive
 its diffusion coefficient and cb is its bulk concentration.
of d shown in Table 1 are calculated from equation 1
value of D = 7.07 � 10�6 cm2 s�1 for copper ions [34]. As

 in Table 1, increasing the ultrasonic power increases
 current, which can be attributed to the cavitation and/
d macro-streaming effects [30]. Notably, the limiting
e two different locations (B and F) are nearly identical,
s that the material transfer to these regions is similar
-electrodeposition.
ng this data to the results found previously [24] in the
dditives, the limiting current data for 30 W L�1 is found

 identical (within 5%). This indicates that the inclusion
els of electrolyte additives does not significantly
e limiting current density. When the low US powers

 this study are compared against those obtained at
es, one finds that mass transfer is indeed enhanced at
ers. For example, the diffusion layer thickness for
d 60 W L�1 were 17 and 15 mm, respectively [24]. This
pared to values of 34 mm (5 W L�1) and 27 mm

n the current study.
ve data reveal that even relatively low ultrasonic

 provide sufficient agitation to attain the required
 and from the electrode surface, even in the central
A7 plate in a narrow electrode-gap configuration.
e value of limiting current will be lower when the

ode gap is 0.3 mm as versus 1.5 mm. For the former
set of limiting current can only be inferred indirectly

 in current efficiency and/or increase in surface
The recommended current density for copper plating
using these additives is typically 10–20 mA cm�2 [25].
t findings therefore support that these values are
for sono-electrodeposition on A7 substrates with a
r-electrode gap.

 of Centimetre Features

ctrodeposition experiments employing the maskless
were initially carried out using a patterned tool
n array of 10 � 10 mm squares. The process was then
d by analysing the current efficiency, feature size,
ormity and roughness. Before this was performed, an
the surface roughness of the manually polished A7
as obtained as a baseline (Fig. 4). These measurements
at, prior to electrodeposition, the polished copper
ypically had an average surface roughness of Ra = 160

 216 nm.
ctrodeposition was then carried out at a current
0 mA cm�2 for a time of 600 seconds at US powers of 5,

 L�1. The aim was to transfer the 10 � 10 mm2 square
ated in the corners and the middle parts of the A7
see Fig. 2S). The anode tool was fabricated as described
2.4. Fig. 4S show the A7 cathode plates with the
sited square features at different US powers. As can be

Limiting Current/mA cm Diffusion Layer, d/mm

B F B F

40 45 34 30
50 50 27 27
70 70 20 20
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een in Fig. 4S improved feature definition was obtained at the
wer powers (5 and 10 W L�1) compared to the higher power
0 W L�1).
The results in Table 2 indicate that the total surface area, Af, and

verage lengths, Lf, of the plated features on the cathode were
enerally larger than the anode feature area. This arises from the
urrent spreading effect and reflects both variations in the
lectrode gap across the substrate (typically � 40 mm) and also
e prevailing current distribution between the electrodes [19–21].
he amount of spread observed at 5 W L�1 and 10 W L�1was 0% and
0%, respectively. This is significantly lower than value of 14%
bserved earlier for deposition at 30 W L�1 [24]. The increase in
ature dimensions with increasing US power was observed in
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ig. 4. Representative 2D surface profiles of a manually polished copper substrate
efore electrodeposition.
oth this study and the earlier study. This may reflect an
ltrasonic enhancement of current spread, but increased dam-
ge/delamination of the photoresist on the anode tool at higher

generally hig
In part this 

edges, and a

ble 2
hickness, roughness, dimensions and current efficiencies of the square features at different locations

US Power
W L�1

Af/cm2 Lf/cm Average Thickness (d)/mm 

Corners Middle All Areas 

5 8.6 � 0.2 1.0 4.6 4.2 4.4 

10 9.7 � 0.4 1.1 3.8 3.2 3.5 

30 12.7 � 0.2 1.3 2.8 2.4 2.6 

ig. 5. (a) Average thickness, d, and (b) average surface roughness, Sa, of the electrodeposited copper feat
owers of 5, 10 or 20 W L�1.
ch increases the effective feature size cannot be ruled

ent efficiency, e, for copper electrodeposition is also
ble 2. This was estimated using the expression:

f ð2Þ

the measured average thickness, n is the number of
is the Faraday constant, r is the density of copper, Af is
lated area on cathode, Ap is the exposed area on the

 the current density, t is the deposition time and M is
weight of copper. Fig. 5a indicates that the average
of the deposits were approximately d = 2.6–4.4 mm
sulting in a current efficiencies between 85% and 96%.

 study [24] current efficiencies approaching unity were
the same current density but with higher US powers
 additives. However, the difficulties in estimating the
sions of the electrodeposited pattern results in errors
nt efficiency of 10–20% [24] so these differences may
cant. More recent work [25] performed with a similar
n of additives but without US agitation resulted in
iencies of 85–94% which are in good agreement with
results.
ness data in Table 2 also indicates that, at all US power,
d squares at the edges of the cathode were thicker than
erred in the middle. A similar trend in the centre to
ess distribution was observed in the earlier study at
owers [24]. This is due to the prevailing current

 between the electrodes, but may also reflect variations
-electrode gap which change the amount of current
lly, the thickness variation across the substrate tended
at the lowest US powers.

 seen in Fig. 5b the average surface roughness (Sa) is

 207–217 211
her at the corners than at the centre at all US powers.
may be due to the increased deposit thickness at the
n earlier study [20] without US agitation showed a

 on an A7 plate substrate using various US powers.

Average Roughness (Sa)/nm e/%

Corners Middle All Areas

220 140 180 96
200 190 195 87
140 120 130 85

ures. Experimental conditions are: j = 20 mA cm�2, t = 600 sec and US
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trong development in copper roughness with deposit thickness.
dditionally, there appears to be a small reduction in deposit
oughness as the US power increases but the trend is relatively
eak. In a previous study [24] performed at higher US power (with
o additives) there was a similar decrease in roughness as the
ower was increased from 30 W L�1 to 40 W L�1. At 60 W L�1 the
oughness increased again due to cavitation induced pitting.

Some of the observed effects may be due to the presence of
dditives. The low concentrations of these additives mean that
heir brightening/levelling action depends on the prevailing mass
ransport conditions [4,6]. Therefore, it is plausible that there is a
elationship between US power and surface roughness. It is also
ossible that the use of high US powers can remove the additives
rom the surface. However, the present results appear to indicate
hat, at low powers the action of the additives is not significantly
mpaired and deposits of low roughness can be obtained.

.3. Transfer of Micrometre Pattern Features

Once it was determined that the most appropriate US power for
�1
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attern transfer was 5 W L , sono-electrodeposition experiments
mploying the EnFACE technique were carried out using a A7 anode
ool patterned with micro-scale linear features. The current
ensity employed was 20 mA cm�2 although some experiments
ere performed at 30 mA cm�2 to determine if higher current

in Figs. 5S,
measured o
the centime
ised in Fig
substrate at

ig. 6. Optical micrographs of linear copper patterns transferred on to A7 cathode plates using US power
sing through-mask plating. Bar scale: 200 mm.
uld be applied without affecting the deposit quality or
e current efficiency. The line widths of the exposed
e anode tool were measured at different locations (A-

cally ranged between 200 mm and 240 mm.
presentative examples of linear features deposited on

 cathode at 20 mA cm�2 for 720 seconds are shown in
figure shows relatively well-defined lines with widths
 mm. This can be compared to the anode tool line-
00–240 mm which indicates that current spread is
5% and does not appear to increase with the current
s is a large improvement on earlier experiments at
owers using the same linear patterned anode tool
cally resulted in 250% current spreading [24]. In
e pattern is transferred over the entire area of the
te with good definition. This demonstrates the
f transferring patterns using this technique on to large
t low US powers.

 to further assess the performance of the method, a
nd roughness analysis was also performed. The
ata is presented in Figs. 7 and 8 and Table 3 and also

 207–217
 6S and 7S. The average thickness of the lines was
ver two lines that that corresponded to the locations of
tre-scale square features. The thickness data summar-
. 8 indicates excellent uniformity over the entire

 both current densities. The average surface roughness

 of 5 W L�1 at: (a) 20 mA cm�2 with maskless process (b) 20 mA cm�2
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Fig. 7. 3D thickness profiles of linear copper patterns at: (a) 20 mA cm�2 and (b) 30 mA cm�2 using the maskless method and (c) at 20 mA cm�2 using through-mask plating.
All experiments were performed at a US power of 5 W L�1.
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mplitude (Sa) in Figs. 9 and 10 and Fig. 8S is marginally lower in
e centre than at the edges, and increases with current density. In
e latter case, this may be due to the limiting current being
pproached with a corresponding increase in roughness. The low
alues for the current efficiencies in Table 3 are more difficult to
terpret. Possibly they arise because the limiting current has been
xceeded but, interestingly, the through-mask data performed
nder similar mass transport conditions has a much higher current
fficiency.

There
when as
first rela
tool dete
techniqu
tool, it is
anode an
is show
degrada
with rep
 several additional issues which need to be addressed
ing the performance of this maskless technique. The
to how many substrates can be processed before the
ates and has to be replaced. As the main strength of the
 the ability to process many substrates with a single
ortant to demonstrate this point. The evolution of the

athode during the processing of ten cathode substrates
g. 11 as a series of optical micrographs. The gradual

 of the resist pattern on the anode tool is clearly visible
d use (Fig. 11a). The damage begins to become clearer
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fter five uses, where the isotropically etched copper has
ignificantly undercut the resist pattern (black lines). After six
o seven uses the resist begins to delaminate and undercutting
ontinues. After the ninth experiment, the tool becomes unusable
ue to resist lamination.
Fig. 11b and c show the optical micrographs and profiles of the

opper lines transferred to the cathode for the first and seventh
se, respectively. The results in Fig. 11 indicate that it is possible to
e-use the tool at least five times in the presence of low US power.
n the earlier study [24] performed at higher US powers with the
ame linear pattern dimensions, delamination of the resist were
bserved after a single experiment. Although the tool life is limited,
his still represents an 80% reduction in the amount of lithography
rocessing required compared to conventional through-mask
lating. In comparison, earlier experiments employing smaller
ubstrate sizes (1 cm) and positive and negative-tone liquid
hotoresists typically allowed ten pattern transfers to be obtained
rom a single tool [20]. Clearly, ultrasonic power has the potential
o damage the dry-film photoresist but the previous results
ndicate that the use of liquid photoresists with improved adhesion
ould further increase the life-time of the tool. These are difficult to
pply to large area rectangular substrate using conventional spin-
oating techniques, but spray coating is also feasible [35].
As a final benchmark, the EnFACE technique needs to be

ompared against standard through-mask plating technology. To
llow for this comparison, cathode plates were laminated with the
ry film resist and patterned using the linear feature mask. These
ere then electrodeposited using an un-patterned anode at a

studies [2
spreading
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ig. 8. Average thickness, d, of linear patterns at various locations for the maskless
rocess at 20 mA cm�2 and 30 mA cm�2, and through-mask process at 20 mA cm�2.

ll experiments were perfomed at a US power of 5 W L�1.
able 3
hickness, roughness, dimensions and current efficiencies of linear copper features at different locati

Current density/mA cm�2 Line widths/mm Average Thickness (d)/mm 

Corners Middle All Area

EnFACE methodology
20 260 � 30 2.1 2.3 2.2 

30 255 � 25 1.8 2.3 2.0 

Though-mask plating methodology
20 220 � 15 3.2 2.4 2.8 
sity of 20 mA cm�2 for 400 seconds. The resulting
sited features are shown in Fig. 6b, and typically have

 of 205–235 mm (Table 3). Since in through-mask
photo-resist functions as a mould, current spreading is
d and the observed line-widths simply reflects the
ations in the resist line-widths (typically 200–240 mm)
ubstrate. An average thickness of 2.8 mm was observed
sponds to a current efficiency of 87%. This is higher

 EnFACE process but consistent with the data in Table 2.
 deposit uniformity obtained for the classical through-
dology is poorer than the maskless method, and there
nced edge to centre thickness variation.
n limitation of the proposed technique is the current
effect. This is largely unavoidable, and is mainly
y the electrode gap, resistivity of the electrolyte and
he substrate [20,37]. In the current work, large features
2 squares) showed an increase in feature size of around
red to the tool features. For the linear pattern
8 mm) there is an increase of 15% in width. In previous

 using smaller substrates without US agitation, current
as typically greater than 20% for 100–200 mm wide
crease in feature size is generally not an issue as long
ducible. Under these conditions, it is always possible to

 tool feature size to compensate for the current
effect, and such mask biasing is often used in
l microfabrication [35]. Such strategies should enable
s technology to be a viable microfabrication process for
ates. In all other aspects such as thickness, roughness
ity the process is comparable to conventional though
g.

ons

attern transfer experiments of centimetre squares and
 lines have been performed in a 18 L ultrasonic tank on
a substrates (A7 sized copper plates) using the EnFACE

 The purpose of these experiments was to test the
f this mask-less electrochemical patterning method, as
periments had been performed on relatively small

 secondary aim was to determine if the process would
tively low US powers as earlier experiments had shown
f issues at higher powers. The final objective was to
f the additives typically used in copper plating would
n effectively in an acid-free bath with an unconven-
tion scheme.
periments were performed to determine the limiting
copper deposition at various US power with an inter-
p of 1.5 mm. This is the minimum gap at which reliable
rent data can be obtained. The results of this study
at, even at a relatively low US power of 5 W L�1,
rrent densities of 40–45 mA cm�2 are obtainable.
rrent at the centre and edges were similar which
at mass transport is relatively constant across the

 207–217
ons on an A7 cathode substrate and using various US powers.

Average Roughness (Sa)/nm e/%

s Corners Middle All Areas

420 214 315 60%
521 355 438 55%

630 249 440 87%
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Fig. 9. 3D roughness profiles of linear copper patterns at: (a) 20 mA cm�2 and (b) 30 mA cm�2 using the maskless technique and (c) at 20 mA cm�2 using through-mask
plating. All experiments were performed at a US power of 5 W L�1.
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ubstrate. The observed limiting currents are sufficient to allow
opper plating at a rate of 20 mA cm�2 which is comparable to
urrent industry practice.
Pattern transfer at the centimetre scale using the maskless

rocess was performed at various US powers with a fixed current
ensity of 20 mA cm�2. The degree of current spreading was found

 increase with applied US power and the current efficiency was
lso lower at the highest powers. The dependence of the deposit
ughness on ultrasonic power was harder to ascertain but there
as a general tendency for it to be lowest at the highest powers.
ollectively, these results indicated that good pattern definition
ould be achieved at a US power of 5 W L�1 which is much lower
an had been used previously [24,36]. All subsequent experi-
ents were performed under these optimum conditions.

Patte
then de
20 mA cm
was abo
scale ex
the curr
current 

increase
ductions
20 mA cm
tional th
tion con
current 

higher t
worse. T
ransfer at the micrometre scale using the process was
nstrated at 5 W L�1 and at current densities of
and 30 mA cm�2. The degree of current spreading
5% which is comparable to that for the centimetre
ments (10%) under the same conditions. Increasing
density to 30 mA cm�2 did not increase the degree of
ading but it did reduce the current efficiency and
 surface roughness. Therefore, the optimum con-

 the micrometre pattern transfer were 5 W L�1 and
. A comparison was also made against the conven-
gh-mask plating technique, under the same deposi-
ons. As expected through mask plating resulted in 0%
ading, although the surface roughness was slightly

 for the maskless one and the thickness uniformity
current efficiency was, however, higher and close to
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ig. 10. Average surface roughness,Sa, of linear features at various locations for the
askless process at 20 mA cm�2 and 30 mA cm�2, and the through-mask process at
0 mA cm�2. All experiments were perfomed at a US power of 5 W L�1.
he theoretical value for copper deposition below the limiting
urrent.
Finally, an assessment of the anode tool life was performed. It

as found that at least five substrates could be patterned using a
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ig. 11. (a) Optical micrographs of the resist-patterned anode tool as a function of usage at a US powe
eposited on the cathode after: (b) one use (c) seven uses. Scale bar: 200 mm.
e tool when low US powers were employed. This
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Figure 1S: Scheme of the anodic holder with the Perspex sheet (left) and inter-electrode gap 

separation (right) for limiting current experiments. 
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Figure 2S: (a) Scheme of the anodic holder with the Spray Resist Tool (left) and inter-electrode gap 

separation (right) for pattern electrodeposition with square; (b) Images of the spray resist tool 

preparation.  
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Figure 3S: (a) Scheme of the anodic holder with the photolithographed tool (left) and inter-electrode 

gap separation (right) for pattern electrodeposition with square; (b) Image of the photoresist tool; (c) 

optical images of the parallel lines of exposed copper surface with line widths around 210 µm and a 

photoresist spacing of 1000 µm.  
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Figure 4S: Images and optical microscope micrographs of transferred pattern electrodeposited at 20 

mA·cm-2 under DC conditions at powers of (a) 5, (b) 10 and (c) 30 W·L-1; (d) Optical micrographs of 

the polished anode before (left) and after (right) once use as a tool. Scale bar: 50 µm. 
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Figure 5S: 3D profile at various zones of linear electro-transferred patterns at 20 mA·cm-2 under DC 

conditions at US power of 5 W·L-1.  
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Figure 6S: 3D profile at various zones of linear electro-transferred patterns at 30 mA·cm-2 under DC 

conditions at US power of 5 W·L-1.  



  

8  |  

 

 

 

Figure 7S: 3D profile at various zones of linear electrodeposited patterns at 20 mA·cm-2 under DC 

conditions at US power of 5 W·L-1.  
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Figure 8S: 3D profile at various linear patterns at 20 mA·cm-2 under DC conditions at US power of 5 

W·L-1 using (a) EnFACE and (b) through-mask plating methodologies.   
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In this chapter, a brief introduction to state-of-art of microfabrication has been 

provided, according to the literature. After that, the results of the microfabrication of 

the structures using a new electrochemical procedure (EnFACE technology) have 

been described. This work was developed over a three-month stay at Newcastle 

University (UK),  based on optimisation of the conditions (bath composition and 

ultrasonic power) that allowed the sono-electrodeposition of copper milli- and micro-

structures onto large substrates (A7 substrates). In a first study, well-defined 

millimetre squares were obtained with efficiencies of almost 90%. Finally, linear 

patterns of 200-240 µm wide with slightly lower efficiencies than the case of 

millimetre squares, but with high uniformity and excellent definition, were obtained. 

These structures were comparable to those obtained using through-mask 

electrodeposition, but with the advantage of using the patterned anode several times. 

For all the aforementioned reasons, EnFACE could be proposed as a competitive 

mask-less electrochemical methodology given the fast, scalable, economic and 

environmentally friendly synthesis procedure to sono-electro-transfer 

micro/millimetre features. 
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The work presented in this chapter focuses on the study and analysis of 

microemulsions as soft-template systems for the electrochemical fabrication of 

nanostructured materials. The main objective of this chapter is to analyse, generalise 

and propose different microemulsions as a green and effective electrochemical media 

to prepare Co-based nanostructured materials with tuneable sizes, compositions and 

magnetic properties by controlling the electrodeposition parameters (e.g. potential, 

time and charge) and microemulsion features (e.g. structure, conductivity and 

viscosity). The data on the use of different soft systems, such as liquid crystals and 

micellar solutions, as electrochemical templates for architectural growth of 

nanomaterials is discussed in section 1.3. As can be seen in Figure 5.1, the strategy 

for developing this work was focused on the possibility of generalising a competitive 

way to fabricate nanostructures by combining the advantages of electrodeposition and 

microemulsion systems. 

However, the use of classical microemulsions as electrodeposition templates is not an 

easy task as a consequence of their high ohmic resistance, which is a consequence of 

the dielectric (oil) component and high viscosity. Therefore, the first step proposed in 
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this study was to determine which type of microemulsions (water-in-oil (W/O), oil-in-

water (O/W) or bicontinuous microemulsions) can overcome these problems while 

maintaining their template capability. The viability of growing Co-based 

nanostructured materials with controlled shapes by means of electrodeposition and 

different classical microemulsions was studied in order to explore the key factors of 

this type of nanofabrication pathway. These results are shown in section 5.1. 

 

Figure 5.1: Schematic representation of the strategy that was followed in the developed work 

of this chapter.  
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In a second step, the viability of the electrodeposition technique for preparing 

nanomaterials using classical microemulsions as electrochemical media was 

demonstrated; however, this method presented important limitations in terms of 

conductivity, efficiency and deposition rates, which limits their practical use. 

Therefore, the possibility of using ionic liquid microemulsions, which combine the 

advantages of both ionic liquids (in comparison with classical organic solvents) and 

conventional microemulsions, was explored in section 5.2. As can be seem in section 

5.2, the studies allowed the establishment of a versatile synthesis approach to grow 

both metal nanoparticles and composites of different sizes and compositions in a 

green, simple and inexpensive way.  
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Recently, several processes have been developed for the synthesis of nanomaterials, 

especially in generating novel shapes and structures in order to tune the unusual 

phenomena associated with these materials [1 – 3]. These processes include physical 

(gas condensation, amongst others) and chemical (hydrothermal, electrodeposition 

and sol-gel synthesis, amongst others) methods [4 – 7]. Among all the chemical 

processes, microemulsion (ME) processing has been demonstrated as a versatile and 

reproducible method for chemically synthesising homogeneous and monodispersed 

nanoparticles from a variety of materials due to their unique properties, such as 

ultralow interfacial tension and large interfacial area, amongst others [8, 9]. 

Microemulsions are isotropic, optically transparent, macroscopically homogeneous 

and thermodynamically stable nanosized dispersions, which are formed spontaneously 

with structures and properties that are independent of the preparation method, and are 

constituted by at least three components: polar (usually water), non-polar (usually oil) 

and surfactant (amphiphilic molecules) [8 – 11]. However, microemulsions are 

nanoheterogeneous systems (Figure 5.2) at the nanoscopic scale, which can be 

classified as oil-in-water (O/W microemulsions) or water-in-oil (W/O 

microemulsions, also called reverse micelles/microemulsions), where the droplets of 

oil or water, respectively, vary from 1 to 100 nm. Moreover, bicontinual structures of 

similar water and oil domains interconnected at the nanoscopic scale are considered 

bicontinuous microemulsions [8 – 13].  

Microemulsions can be considered as nanoreactors, which can be used to carry out 

chemical reactions and, in particular, to synthesise nanomaterials (metals, oxides, 

ceramics, etc.) [14, 15].  

 



Microemulsions as Electrochemical Templates to Synthesise  

Metallic Nanostructures 

 

 

- 113 - 

 

Figure 5.2: Schematic representation of the general structure of water-in-oil, bicontinuous and 

oil-in-water microemulsions.  

Microemulsion-mediated synthesis is possible using all the different types of 

microemulsion, depending on the desired structure, but needs to be combined with a 

chemical or physical method to fabricate the nanostructures by using the 

microemulsions as a soft template. As can be seen in Figure 5.3, W/O 

microemulsions have been in use for 25 years in the synthesis of inorganic 

nanoparticles of different nature (reverse method, which is the most used pathway for 

synthesising nanoparticles) by means of different chemical or physical strategies, in 

which the reaction takes place in the aqueous droplets of the reverse micelles [16 – 

18]. The main advantage of this method is that it assumes a variety of structures 

depending on the constituents and the location within the phase diagram. Thus, the 

size and morphology of the product can be controlled by an appropriate choice of the 

composition of the microemulsion system. 
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Figure 5.3: Schematic representation of nanoparticle synthesis by means of chemical (a, b) or 

physical (c) treatments.  

Electrochemical methods offer both economic and environmental benefits because 

they are simple and easily scalable, which is fundamental for practical applications, 

involve low set-up costs and also avoid the use of chemical reducing agents, which 

are generally rather aggressive (chemical reducing agents are widely used as a 

nanoparticle microemulsion-mediated synthesis pathway) [19, 20]. Microemulsion-

mediated synthesis of nanomaterials by means of electrochemical methods is of keen 

interest due to the tremendous possibilities in generating novel shapes and structures 

in a green, economic and scalable pathway. Our proposal is to use microemulsions in 
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an electrodeposition method, as the manner that the electrodeposition could be 

confined by the structure of the microemulsion (considered a soft template), in order 

to define different nanostructures. However, from an electrochemical point of view, 

there are some important problems in using microemulsions as electrodeposition 

media, as a consequence of their high ohmic resistance, which is introduced by the oil 

and surfactant components. Therefore, it is also important to determine how 

conductivity could be increased without losing the template capability to overcome 

this problem in order to select and propose an optimal microemulsion for architectural 

growth of nanostructures using electrodeposition.  

 

Electrochemical synthesis does not require high temperatures, irritant-reducing agents 

or extreme conditions, and has been proposed, without much success, for use in 

microemulsion systems for the preparation of nanoparticles or porous materials [21 – 

25]. However, as mentioned previously, this technology is limited by low 

conductivity owing to large dielectric microemulsion components (oil and, in some 

cases, also surfactant). The aim of this section is to introduce the work developed in 

previous studies that analyses the possibility of using microemulsions as 

electrochemical templates for synthesising nanomaterials. Only a few proposals have 

been made for electrochemical deposition using reverse microemulsions to synthesise 

metal nanomaterials (especially nanoparticles). In these studies, nanosized aqueous 

domains, which contain the electroactive species, dispersed in a continuous oil 

component and stabilised by non-ionic surfactant molecules were used as a 

nanoreactor. These early works were based on the use of reverse microemulsions and, 

in some cases, in order to improve the conductivity of the W/O microemulsions, high 

concentrations of HCl were added to the water component, which resulted in 

conductive W/O microemulsions [21 – 25]. However, the analysis or discussion of the 

microemulsion types is not presented in these works, and in most cases, the 

electrodeposited materials (nanoparticles with sizes >100 nm) exceeded the size of the 

nanoreactor (droplets of W/O microemulsions). Therefore, it is extremely important 
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to study the microemulsion type and state to understand the shapes and morphologies 

of the obtained nanomaterials.  

 

This section focuses on analysing different strategies proposed by us to discuss the 

microemulsion requirements to act as efficient electrochemical templates for the 

synthesis of nanostructures, according to our research, bearing in mind that the main 

problems are the low conductivity and, in some cases, the high viscosity. According 

to our study, from an electrochemical point of view, the challenge is in achieving 

sufficient conductivity of the electrodeposition medium without affecting their 

template capability. Therefore, microemulsions must fulfil some requirements, which 

affect, in the first instance, their components: 

 Seek an organic medium that is immiscible in water with a high dielectric constant 

(ɛ) to dissolve some ionic species, such as ionic surfactants (non-electroactive 

species in the working potential range) to confer conductive properties on the 

microemulsion system. However, it is also important to note that oil with very 

different dielectric constants in comparison with water must be selected to avoid 

the solubilisation of the electroactive species in both components in order to 

assure the template capability. It is difficult to achieve these requirements as the 

increase in the oil polarity increases the proportion of aqueous solution in the 

organic component, which could provoke a loss of the ability to act as a template. 

 In the first instance, exploring the possibility of preparing microemulsions with 

ionic surfactants seems the most appropriate strategy to confer more conductivity 

as a consequence of their solubility in the oil component. However, this strategy is 

limited by the low solubility of these species in the oils and the formation of ionic 

pairs due to the low dielectric constant. Moreover, the use of ionic surfactant 

limits the number of systems to explore, as well as the likelihood of finding a 

microemulsion region in the phase diagram. On the other hand, non-ionic 

commercial surfactants present a relatively high conductivity as a result of their 
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impurities (introduced in their fabrication process). Therefore, another strategy is 

the use of non-ionic surfactants, such as Triton X-100 and Span-20, to form 

microemulsions. 

 According to several studies, the production of a single phase of microemulsion 

with water does not guarantee its stability after the introduction of inorganic metal 

salts into the water component [26]. Generally, inorganic salts (except some 

organometallic compounds) are not soluble in the non-polar phase, and their 

introduction affects the microemulsion phase. Therefore, the microemulsion 

region should be established using the required aqueous bath to prepare the 

desired nanomaterials.  

According to our study, presented in next sections of this chapter, seems most 

consistent to select oils with low dielectric constants and high immiscibility with 

water and non-ionic surfactants. Therefore, diisopropyl adipate (as the oil 

component), Triton X-100 (as the surfactant) and Co-based baths (as the aqueous 

component) were selected in order to test electrodeposition in W/O and bicontinuous 

microemulsions.  

 

The first step proposed in this study was to develop a W/O or bicontinuous 

microemulsion that was able to obtain different nanostructures. Visual observation, 

the dye diffusion test, and conductivity and dynamic light scattering measurements 

were the main techniques employed to localise and characterise the microemulsion 

region. In the first study, a CoNi (W1) bath was selected as the aqueous component in 

order to establish the microemulsion region in a pseudo-ternary phase diagram 

(Figure 5.4).  

Thus, after determining the appropriate region for this microemulsion system, which 

is sensitive to the concentration of inorganic species in the aqueous component, we 

studied selected dilution lines with a surfactant to oil (S:O) ratio for the other aqueous 

Co-based baths, since the analysis of the modification of all the zones of the phase 

diagram is not significant for the present study. However, understanding the 
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microemulsion characteristics it is important in order to know the influence on the 

properties of the synthesised nanomaterials.  

 

Figure 5.4: Phase diagram at 25ºC of the CoNi aqueous solution – Triton X-100 – Diisopropyl 

adipate system.  

 

Figure 5.4 shows the obtained pseudo-ternary phase diagram of the CoNi (W1) 

aqueous solution – Triton X-100 – Diisopropyl adipate system at 25ºC. A solubility 

region, corresponding to a microemulsion region (Winsor type IV), is obtained from 

the surfactant corner to the central part of the diagram. This region extends along the 

surfactant–oil axis above an S:O ratio of 20:80, solubilising a maximum of 33 wt% of 

aqueous solution at an S:O ratio of 60:40. The microemulsion region was divided into 

various subregions (W/O, percolated W/O and bicontinuous microemulsions) 

according to both conductivity and dye diffusion behaviour and DLS measurements. 

However, at high contents of surfactant (faded colour area), a single phase was 

observed. More details will be given in the corresponding section of this chapter. 

Furthermore, with the aim of analysing the conditions that bicontinuous 

microemulsions must fulfil to be used as a soft template for electrodeposition, three 

other systems were selected from the literature.  
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Electrodeposition in W/O microemulsions is extremely difficult as a consequence of 

their inherent high ohmic resistance due to their structure and components. Some 

authors have proposed and verified the use W/O microemulsions for synthesising 

nanostructures by means of electrochemical methods [20 – 24], but in these studies 

the microemulsion characteristics have not been analysed. However, this option is 

extremely inefficient and it cannot be proposed as a competitive method of 

nanoparticle synthesis. In the present work, we demonstrate the possibility of 

electrodeposit in non-percolated W/O microemulsions, resulting in a CoNi 

nanoparticulated deposit (Figure 5.5.a), which seems to correspond to aggregates of 

small nanoparticles. Therefore, electrodeposition is possible in this type of 

microemulsion, but the method presents some disadvantages, such as the low 

efficiency and the non-uniformity of the obtained nanostructures, which were formed 

by aggregates of nanoparticles with different sizes. 

Herein, we propose and analyse the use of percolated W/O microemulsions, in which 

the droplets' integrity, and thus template capability, is guaranteed, but the formation 

of water channels between the droplets enhances the global conductivity of the 

system. In this study, the W/O microemulsions (percolated and non-percolated) are 

shown to be useful electrochemical templates for the synthesis of magnetic 

nanoparticles of CoPt or CoNi alloys with different compositions. The deposition rate, 

however, is moderate using percolated microemulsions, and low using non-percolated 

microemulsions. Cyclic voltammetry combined with SEM or HTEM examination 

were the main techniques used to optimise the electrodeposition conditions.  

In order to understand the effect of microemulsion structure on the electrodeposition 

process, the electrodeposition processes in both the aqueous solution + surfactant 

mixture and the pure aqueous solution were studied. Generally, when the surfactant is 

present in the solution, a shift of the deposition potentials to more negative values 

takes place as a consequence of its adsorption over the substrate. When a 

microemulsion is used, the voltammetric curves of the deposition process reflect a 
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much lower current density than that of the pure aqueous solution or the aqueous 

solution + surfactant solution, which corresponds to the lower amount of aqueous 

solution and higher ohmic resistance due to the low conductivity of the system.  

Figure 5.5: (a) SEM micrograph of CoNi nanoparticles obtained in non-percolated W/O 

microemulsion and (b) HRTEM micrographs of CoPt nanoparticles obtained in percolated W/O 

microemulsions. 

Furthermore, the effect of cobalt ions concentration (2.5, 7.5 and 10 mM) in the 

aqueous solution component in the case of the CoPt bath were analysed, resulting in 

some differences in the percolation state (see more details in pages 139 – 145) and in 

the modification of the percentage of cobalt in the alloyed nanoparticles. As can be 

seen in Figure 5.5.b, small nanoparticles of a few nanometres with a narrow particle 

distribution size were obtained, as expected, with different cobalt contents. Moreover, 

by using a microemulsion with low content of aqueous solution (ME3), and therefore 

low conductivity and low percolation, the deposition rate is low, nanoparticles tend to 

form aggregates (as observed when non-percolated W/O microemulsions were used 
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as templates) and well-defined hexagonal nanoparticles were obtained. The hexagonal 

shape of the nanoparticles is justified because in all the cases, independently of the 

stoichiometry, CoPt nanoparticles of hcp phase were obtained. Therefore, the 

electrodeposition process of Co-based alloys from percolated and non-percolated 

W/O microemulsions is possible, leading to nanoparticles in both cases (Figure 5.5). 

The composition of the nanoparticles depends on the composition of the aqueous 

solution in the microemulsion and the applied potential. The shape and size of the 

nanoparticles depends on the microemulsion structure, deposition time, deposition 

rate and CoPt phase. However, the process is slow, due to the low proportion of 

aqueous component in the microemulsion.  

 

Bicontinuous microemulsions were selected to perform the Co-based (Co, CoNi and 

CoPt) electrodeposition process, as an improvement in the electrodeposition in 

microemulsion proposal, due to their higher conductivity values in comparison with 

W/O microemulsions.  

An initial test with a CoNi (W1)– Triton X-100 – Diisopropyl adipate bicontinuous 

microemulsion (ME1) demonstrated that it is possible to electrodeposit with such a 

system, resulting in a porous film morphology (Figure 5.6.a). Therefore, as expected, 

the microemulsion structure plays the role of a soft template, which opens a new 

possibility of modulating shape, morphology and magnetic properties of the 

electrodeposited structures by controlling the microemulsion type and deposition 

charge.  

The electrochemical study reveals a similar behaviour to that observed for the W/O 

microemulsions, i.e. lower current density and higher ohmic resistance than CoNi 

bath (W1). Moreover, successive deposits obtained using the same microemulsion 

demonstrated that the electrodeposition process affects the microemulsion structure as 
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a consequence of the Co(II) and Ni(II) consumption during the electrodeposition 

process. These small salt variations lead to modifications in the nature of the 

microemulsion and, therefore, in the conductivity of the system. It is important to 

appreciate that this system is very sensitive to small variations in the concentration of 

salt, as this consumption represents a very small reduction with respect to the overall 

system. Otherwise, such changes are only observed when a microemulsion is used, 

i.e. these changes are not seen in either aqueous solution or aqueous solution + 

surfactant mixtures, in which reproducible films could be obtained after several uses. 

However, the same porous morphologies could be obtained if a new microemulsion 

was used. Furthermore, branched structures (Figure 5.6.b) were obtained by 

electrodeposition when a bicontinuous microemulsion was prepared with a CoPt 

aqueous solution (ME2) and circulating the same deposition charge density that allows 

us to obtain porous morphology with CoNi microemulsion (ME1). This branched 

structure indicates that the microemulsion acts as a template; however, the low 

efficiency of the CoPt bath, as is expected for this system according to the literature, 

shows the complexity of such systems, which allow the preparation of different 

shapes by controlling the microemulsion characteristics and electrodeposition 

conditions.  

Lastly, four different bicontinuous microemulsions were tested in the 

electrodeposition process in order to discover, analyse and generalise the conditions 

that bicontinuous microemulsions must fulfil in order to act as a template for metal 

electrodeposition. The experiments in this work lead to the conclusion that the 

conditions under which the microemulsions act as templates in the electrodeposition 

are:  

 Immiscible oil and aqueous solution components. 

 Oils with low dielectric constant in order to favour the non-dissolution of the 

electroactive species. 

 Use of surfactants that avoid the solubilisation of electroactive species.  

Moreover, it is important to appreciate that the presented proposal (electrodeposition 

in bicontinuous microemulsions) can be used for both the synthesis of different kinds 
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of porous films and potentially as an electrodeposition method to characterise the 

structure of some microemulsions. 

Figure 5.6: (a) SEM micrograph of CoNi nanoparticles obtained in a non-percolated 

bicontinuous W/O microemulsion and (b) HRTEM micrographs of CoPt nanoparticles obtained 

in percolated bicontinuous W/O microemulsions. 

 

 

 

 

 

 

 

 

 

 

 



Microemulsions as Electrochemical Templates to Synthesise  

Metallic Nanostructures 

 

 

- 124 - 

 

 

Page 125: Microemulsions for obtaining nanostructures by means of 

electrodeposition method.  

A. Serrà, E. Gómez, G. Calderó, J. Esquena, C. Solans, and E. Vallés. 

Electrochemistry Communications 27 (2013) 14. 

 

Page 131: Conductive microemulsions for template CoNi electrodeposition. 

Albert Serrà, Elvira Gómez, Gabriela Calderó, Jordi Esquena, Conxita Solans, and 

Elisa Vallés. Physical Chemistry Chemical Physics 15 (2013) 14653. 

 

Page 139: Electrosynthesis method of CoPt nanoparticles in percolated 

microemulsions. 

Albert Serrà, Elvira Gómez, and Elisa Vallés. RSC Advances 4 (2014) 34281. 

 

Page 147: Conditions that bicontinuous microemulsion must fulfill to be used as 

template for electrodeposition of nanostructures. 

A. Serrà, E. Gómez, G. Calderó, J. Esquena, C. Solans, and E. Vallés. Journal of 

Electroanalytical Chemistry 720-721 (2014) 101. 

 

 

 

 

 

 



Microemulsions as Electrochemical Templates to Synthesise  

Metallic Nanostructures 

 

 

- 125 - 

 

 

 

 

 

 

 



M

A
a

b

0

a

A
R
R
A
A

K
S
C
E
M
M
N

1

m
M
t
e
c
t
i
w
d
h

t
a
s
D
t
m
2
m
a

t
s

Electrochemistry Communications 27 (2013) 14–18

1
h

Contents lists available at SciVerse ScienceDirect

Electrochemistry Communications
icroemulsions for obtaining nanostructures by means of electrodeposition method

. Serrà a, E. Gómez a, G. Calderó b, J. Esquena b, C. Solans b, E. Vallés a,⁎

j ourna l homepage: www.e lsev ie r .com/ locate /e lecom
Electrodep, Departament de Química Física and Institut de Nanociència i Nanotecnologia (IN2UB), Universitat de Barcelona, Martí i Franquès 1, 08028 Barcelona, Spain

a b s t

The elec
micro/na
of differe
compare
selected
in the va
this evol
to the ion
gates of n
different

388-2481/$ – see front matter © 2012 Elsevier B.V. All rights res
ttp://dx.doi.org/10.1016/j.elecom.2012.10.031
e Investigación Biomédica en Red en Bioingeniería, Biomateriales y Nanomedicina (CIBER-BBN), Jordi Girona 18-26,
Institut de Química Avançada de Catalunya (IQAC-CSIC), Centro d
8034 Barcelona, Spain
r t i c l e i n f o

rticle history:
eceived 1 October 2012
eceived in revised form 19 October 2012
ccepted 23 October 2012
vailable online 27 October 2012

eywords:
oft-templates
oNi alloy
lectrodeposition
icroemulsion
r a c t

trodeposition in microemulsions has been demonstrated to be useful in preparing new magnetic
nostructures whose shape is controlled by the microemulsion structure. CoNi micro/nanostructures
nt shape and magnetic properties have been prepared. The properties of these structures have been
dwith those of the continuous thin films obtained in aqueous solution with and without the surfactant
to prepare themicroemulsions. The presence of the surfactant (Triton X-100) induces a decrease of 70%
lue of the coercivity of the films. When electrodeposition is performed in bicontinuous microemulsion,
ves into a percolatedW/O (water in oil) and later into a non-percolatedW/Omicroemulsion phase due
consumption. These three types of microemulsion lead to porous films, small nanoparticles and aggre-
anoparticles, respectively. Important changes inmagnetic properties have been detected, related to the
agnetic properties
anostructures
composition and the shape of the nanostructures.
© 2012 Elsevier B.V. All rights reserved.
t t
d a
th
sur

ition
stud
llow
ral
sitio
tudi
he p
tha
ulsio
erna
ly t

ime

em
dip
0 g
egio
det
uls
ho

ami
lect
nd
ore
. Introduction

Recently, there has been a growing interest in the modulation of
agnetic properties of different systems for the application in the
icroElectroMechanical Systems (MEMS) as actuators [1,2]. In order

o prepare new micro/nanomaterials for their incorporation in MEMS,
lectrodeposition allows growing them over the device, due to their
apability to deposit materials onto a substrate with different geome-
ries. Electrodeposition allows either thin or thickfilms,microstructures
n patterned substrates, nanowires, etc. of both metals and alloys, in
hich size and composition can be controlled [3,4]. To define the
ifferent shapes, templates (photolithography, membranes, etc.)
ave been mostly used.
In this study the possibility of using microemulsions as “soft-

emplates” to electrochemically grow magnetic nanostructures with
different shape is tested. Microemulsions are thermodynamically

table dispersions composed of water, organic solvent and surfactant.
epending on the system components, composition, electrolyte concen-
ration, etc., oil-in-water (O/W), water-in-oil (W/O), or bicontinuous
icroemulsions can be formedwith characteristic sizes ranging from
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re magnetic, superparamagnetic behavior.
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ize metal nanostructures, where the microemulsion acts as a template

to preven
nanosize
species in
non-ionic
trodepos
not been
tion, by fo
architectu
The depo
types is s
tivity or t
proposal
microem
as an alt
allows on

2. Exper

Micro
propyl A
NiCl2+3

The r
tem was
microem
HB and R
and Dyn

The e
solution a
bling bef

⁎ Corresponding author.
E-mail address: e.valles@ub.edu (E. Vallés).
erved.
he coalescence of the nanostructures. In these studies, a
queous phase is used, which contains the electroactive
e droplets dispersed in a continuous oil phase, stabilized by
factantmolecules. In these preliminaryworks [7,8] the elec-
processes and the microemulsion characterization have
ied. Although these studies are only of metal electrodeposi-
ing them, the possibilities of an electrochemicalmethod for
growth of magnetic alloys in microemulsion are analyzed.
n process of CoNimagnetic alloy in differentmicroemulsion
ed; this method has some drawbacks due to its low conduc-
resence of high concentrations of surfactants. The innovative
t this work introduces is the use of the electrodeposition in
n to prepare new structures of different sizes and shapes,
tive to the chemical reduction in microemulsions, which
he preparation of small nanoparticles.

ntal

ulsions were prepared from Triton X-100 (S), Diiso-
ate (O) and aqueous solution (0.2 M CoCl2+0.9 M
·dm−3 boric acid+0.7 g·dm−3 saccharin, pH=3.0) (W).
n corresponding to microemulsions in the W/S/O sys-
ermined by visual observation of samples at 25 °C. The
ions were characterized by dye diffusion (Black Sudan
damine B), conductivity (Crison conductimeter GLP31)
c Light Scattering (DLS) measurements.
rochemical study has been performed using both aqueous
microemulsions. Each systemwas de-aerated by argon bub-
each experiment and maintained under argon atmosphere

http://dx.doi.org/10.1016/j.elecom.2012.10.031
mailto:e.valles@ub.edu
http://dx.doi.org/10.1016/j.elecom.2012.10.031
http://www.sciencedirect.com/science/journal/13882481


d
m
w
tr
in
e

ta
d
te
m

3

3

fi

sy

solu
lisa
ra

ition
s dil
regi
of W

wt
havi
wt

ed a
ls).
n 1
n of
17.6

s 27
uring this study. Electrodeposition has been carried out using a
icrocomputer-controlled potentiostat/galvanostat Autolab PGSTAT30
ith GPES software in a three-electrode cell under temperature con-
olled conditions. Si/Ti (10 nm)/Au (50 nm) pieces were used as work-
g electrodes. The reference electrodewas an Ag/AgCl/1 mol·dm−3 KCl
lectrode. The counter electrode was a platinum spiral.

Leica Stereoscan S-360 equipment was used to determine elemen-
l composition. Hitachi H-4100FE was used for the observation of the
ifferent samples. Magnetic properties of the deposits were charac-
rized by using a SQUID magnetometer at room-temperature. The
agnetic field was applied parallel to the substrate.

. Results and discussion

.1. Microemulsion formation and characterization

aqueous
W solubi
with a S/O
the cond
along thi
different
function

• Up to 8
this be

• From 8
observ
channe

• Betwee
dicatio
up to

A. Serrà et al. / Electrochemistry Communication
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ed by means of phase diagram determinations. In the selected W/S/O
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Fig. 1. (a) Conductivity and dκ/dW as a function of aqueous solution content for samples with a S:O ra
tion (W) concentration up to 30%. This maximum in
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Conductive microemulsions for template
CoNi electrodeposition

Albert Serrà,wa Elvira Gómez,wa Gabriela Calderó,wb Jordi Esquena,wb

Conxita Solanswb and Elisa Vallésw*a

Microemulsions have been revealed as feasible templates to grow magnetic nanostructures using an

electrodeposition method. Reducing agents are not required and the applied potential has been used

as driving force of the nanostructure growth. A systematic study of conductive microemulsion systems

to allow the CoNi electrodeposition process has been performed. Different surfactants and organic

components have been tested to form microemulsions with a CoNi electrolytic bath as an aqueous

component in order to define the microemulsions showing enough conductivity to perform an

electrodeposition process from the aqueous component. By using microemulsions of the aqueous

electrolyte solution–Triton X-100–diisopropyl adipate system, CoNi electrodeposition has been achieved,

the structure of the deposits being dependent on the composition and structure of the microemulsion,

which can act as a soft-template to obtain different discontinuous deposits. The magnetic properties of

the CoNi deposits vary with their structure.

1. Introduction

Electrochemical methods can be used to prepare micro/nano-
structures with variable magnetic properties as a function of
their composition and crystalline structure.1–4 The use of
different kinds of templates as photolithographed substrates
or membranes allows defining variable geometries of the
magnetic deposits.5–11 A new proposal to use templates to
define magnetic nanostructures of metals and alloys is the
preparation of microemulsions with enough conductivity to
allow the electrodeposition from only the aqueous component.
Although the use of W/O microemulsions has been revealed as
a potential and easy tool to obtain nanoparticles with uniform
sizes, in the range of a few nanometers, and different morphol-
ogies from direct chemical reduction in the aqueous nano-
drops,12–14 only a few papers have been published about the
possibility of electrodepositing pure metals from the aqueous
component of a microemulsion15–17 because the main problem
related to the electrodeposition from W/O microemulsions is

their low conductivity (the continuous oil phase is not generally
conductive). In one of the above cited works, the conductivity
necessary to perform the electrodeposition is induced by the
addition of very high concentration of acid to the aqueous
component. In the other works, Triton X-100 in high concen-
trations is used as a surfactant and TBAP (tetrabutylammonium
perchlorate) to enhance the conductivity. In these micro-
emulsion systems, the droplets of the aqueous component
(containing the electroactive cation species) are dispersed in
the continuous oil phase (e.g. toluene, cyclohexane) and stabi-
lized by surfactant molecules (Triton X-100). Some authors have
attributed the conductivity of W/O microemulsions with non-
ionic surfactant Triton X-100 to the presence of ionic impurities
in the surfactant or to the surface charge of ions in the droplet
surface.18–20 In a previous work in our laboratory, electrode-
position from microemulsions of an aqueous solution–surfactant–
oil system has been tested and a relation between appropriate
conductivity of the system and bicontinuous microemulsion
formation has been demonstrated.21

The aim of the present work is to describe a systematic study
to select conductive microemulsions in the aqueous solution–
surfactant–oil system and to detect the better microemulsions
in which electrodeposition of patterned magnetic alloys could
be feasible. Also, the efficiency of the microemulsions to act as
templates, regardless of the deposition charge, will be studied.
The interest of this new method of synthesis is double: pre-
paration of confined nanostructures from microemulsions
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without using hazardous reducing agents and finding new
templates to electrodeposit magnetic alloys, with tailored
magnetic properties. The final aim is to select the best
microemulsion templates to define different nanostructures of
electrodeposited magnetic alloys. With this purpose, the rela-
tion between conductivity and microemulsion structure will be
analyzed and the influence of microemulsion structure on the
characteristics of the resulting deposits will be discussed.

2. Experimental section
2.1. Materials

Nonionic surfactant p-octyl polyethylene glycol phenyl ether
a.k.a. Triton X-100, (Acros Organics), saccharin (Merck), boric
acid (Merck), diisopropyl adipate (Croda), nickel chloride (Panreac),
cobalt chloride (Panreac), sodium hydroxide (Panreac),
rhodamine B (Sigma-Aldrich), Sudan Black HB (Sigma-Aldrich),
tetrabutylammonium perchlorate (Sigma-Aldrich), tetrabutyl-
ammonium hydroxide (Sigma-Aldrich), stearic acid (Sigma-
Aldrich), isopropyl myristate (Sigma-Aldrich) and butyl-L-lactate
(Sigma-Aldrich). All solutions were prepared with deionized
water (Millipore Q-system) with a resistivity of 18.2 MO cm�1.

2.2. Determination of the microemulsion region

The microemulsion region in the aqueous solution (W), Triton
X-100 (S) and in the diisopropyl adipate (O) system was determined
by stepwise addition of aqueous solution to oil–surfactant mixtures
at 25 1C, under stirring at 2600 rpm.

The samples, homogenized by Vortex, were left to equili-
brate at 25 1C, and observations were made once equilibrium
was reached.

The S : O weight ratios investigated ranged from 90 : 10 to
0 : 100. The microemulsion compositions and the ratio of
components are expressed in wt% throughout the text.

The aqueous phase contains 0.2 M CoCl2 + 0.9 M NiCl2 +
0.5 M boric acid + 4 mM saccharin (the pH of the solution was
adjusted to 3.0 with NaOH diluted solution). The aqueous
solution was freshly prepared with double distilled water that
was afterwards treated using a Millipore Q system.

2.3. Microemulsion characterization

The microemulsion type (W/O, O/W or bicontinuous micro-
emulsion) was assessed by conductivity and by dye diffusion
tests with Black Sudan HB and rhodamine B. Conductivity
measurements were carried out using a Crison conductimeter
GLP31. The conductivity cell was a 52–92 (Crison) model with Pt
electrodes and a cell constant of 1 cm�1. The temperature was
controlled to �0.05 1C using a CAT temperature sensor, model
55–31 (Crison).

The hydrodynamic diameter of microemulsion droplets
was estimated by dynamic light scattering (DLS) measurements
(LS Instruments). The equipment consists of a monochromatic
laser light source (l = 633 nm), directed to the cuvette contain-
ing the microemulsion and placed in a thermostated bath. After
detection, the light was analyzed by a correlator. Measurements
were carried out at a scattering angle of 901.

2.4. Electrodeposition through microemulsion

The electrochemical study has been performed in both aqueous
solution and microemulsion. Each system was de-aerated
by argon bubbling before each experiment and maintained
under an argon atmosphere during the study. Electrodeposi-
tion was carried out using a microcomputer-controlled poten-
tiostat/galvanostat Autolab PGSTAT30 with GPES software in a
three-electrode cell under temperature controlled conditions.
Si–Ti (10 nm)/Au (50 nm) pieces (0.50 cm � 0.50 cm of
exposed area) were used as working electrodes to obtain the
different nanostructures. The reference electrode was an
Ag/AgCl/1 mol dm�3 KCl electrode. The counter electrode was
a platinum spiral.

2.5. Characterization of cobalt nickel deposits

An X-ray analyzer incorporated into Leica Stereoscan S-360
equipment was used to determine elemental composition of
the deposits. Hitachi H-4100FE (Field Emission Scanning
Electron Microscopy FE-SEM) was used for the observation of
the different samples. Magnetic properties of the deposits were
characterized by using a SQUID magnetometer at room-
temperature. The magnetic field was applied parallel to the
substrate. Thickness of the coatings was measured using a
white-light interferometer from Leica DCM 3D.

3. Results and discussion
3.1. Microemulsion formation and characterization

In this work we seek an organic medium immiscible in water,
with a high dielectric constant to dissolve an ionic compound
to confer conductive properties on the system. It is difficult to
meet these three requirements because the increase of the oil
polarity increases the percentage of aqueous solution in the
organic phase. This would cause the transfer of the electro-
active substances to the organic phase and, therefore, the
organic phase would be active in the electrodeposition process,
losing the ability to act as a template. Initially, ionic amphi-
philes such as tetrabutylammonium perchlorate (TBAP), tetra-
butylammonium hydroxide (TBA-OH) and tetrahexylammonium
perchlorate (THAP), among others, were tested in aqueous
solution–oil mixtures. It seemed to be the best strategy to achieve
the maximum conductivity. This strategy was strongly limited by
the low solubility of these species in the oils and the formation of
ionic pairs due to the low dielectric constant of the different oils
tested (Table 1).

In the best case, amphiphile concentrations below 50 mM
and conductivities below 15 mS cm�1 were obtained. To
increase the solubility of the amphiphile in the oil, tetrabutyl-
ammonium stearate was synthesized by the direct reaction

Table 1 Dielectric constant of the organic phases and water

H2O
Isopropyl
myristate

Diisopropyl
adipate

Butyl-L-
lactate

Dielectric constant 88.0 3.25 5.34 4.05
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between tetrabutylammonium hydroxide (TBA-OH) and stearic
acid. Large quantities (20 mM) could be dissolved in diisopropyl
adipate or isopropyl myristate and an adequate value of
conductivity could be achieved. However, when the aqueous
phase was added, the formation of a gel-type phase prevented
us from performing an electrodeposition process. Another
strategy was the use of a nonionic surfactant like Triton X-100
(p-octyl polyethylene glycol phenyl ether) to form microemulsions.
The miscibility of this surfactant in a wide variety of oils is well
known.22–25 Upon addition of water, solubility regions corre-
sponding to W/O and bicontinuous microemulsions are generally
obtained in the water–Triton X-100–oil systems. Impurities that
contain this surfactant and the nature of the microemulsion
system (W/O or bicontinuous) provided enough conductivity to
carry out both the study of the electrochemical process and to
obtain deposits using an electrodeposition method.

A moderate temperature of 25 1C was selected for the
synthesis of micro/nanostructures of the alloy by the electro-
deposition method using microemulsions as templates. On the
basis of the exploratory phase behavior studies, the system
selected was aqueous solution (0.2 M CoCl2 + 0.9 M NiCl2 +
0.5 M boric acid + 4 mM saccharin)/Triton X-100/diisopropyl
adipate. The pH of the aqueous solution was 3.0. The micro-
emulsion region in the corresponding phase diagram (Fig. 1)
was constructed from visual observation of the samples and
conductivity measurements. This region extends along the
surfactant–oil axis above a S : O ratio of 20 : 80, solubilizing a
maximum of 33 wt% of aqueous solution at a S : O ratio of
60 : 40. The microemulsion region was divided into subregions
according to conductivity behaviour. At high contents of the
surfactant (colour degraded area), a single phase is observed,
but a clear assignation from only conductivity measurements or
dye diffusion tests is not possible, due to the high viscosity of
the system under these conditions. The rest of the diagram has
not been studied.

Microemulsion conductivity was studied along experimental
paths with different S : O ratios from 20 : 80 (a total of 25) as a
function of aqueous solution concentration at constant tempera-
ture to establish their structure and dynamic properties (i.e. the
presence or the absence of percolation). Representative examples

of the results for two S : O ratios (32 : 68 and 50 : 50) are shown in
Fig. 2 where the conductivity (k) is plotted vs. percentage of
aqueous solution (W). At low content of aqueous solution, the
conductivity remains very low as corresponds to oil continuous
(W/O) microemulsions (L2). A continuous increase in conduc-
tivity was observed at a certain aqueous solution concentration
up to a certain point, the percolation threshold (Cp). The
percolation threshold was assessed by the maximum obtained
when plotting dk/dW versus W. Below Cp the water droplets
start forming clusters so that transport over the whole sample
occurs. At Cp, an infinite path appears in the system which
allows a flow of solute components. Accordingly, a subregion of
nonpercolated microemulsions (below Cp) has been drawn in
the phase diagram (Fig. 1). It is worth noting that at higher
aqueous solution concentrations, above Cp, the conductivity
reached almost a plateau followed by a pronounced increase up
to the solubilization limit. This could be an indication that a
transition from W/O percolated to bicontinuous microemulsions
takes place. Characterization using self-diffusion NMR to con-
firm the bicontinuous structure of the microemulsions could not
be performed due to the magnetic nature of some of the
electrolytes used.

Instead, dye diffusion tests were performed along different
dilution lines using aqueous soluble (rhodamine B) and oil
soluble (Sudan Black HB) dyes to distinguish oil continuous
from bicontinuous microemulsions. Sudan Black HB spreads
quickly in the oil phase and very slowly in the aqueous phase,
while rhodamine B spreads quickly in the aqueous phase and
very slowly in the oil phase. Fig. 3 (upper row) shows the visual
appearance of microemulsions with an S : O ratio of 32 : 68 and
aqueous solution contents between 3 and 13 wt%. The bright
light blue appearance of the microemulsion at 3 wt% aqueous
solution is attributed to the electrolytes (Co2+, Ni2+) present. At
higher aqueous solution content this blue color turns fainter
and darker, though they are all transparent. As shown in the
lower row of Fig. 3, at aqueous solution contents of 3 and 6 wt%,
diffusion of Sudan Black (oil soluble) is faster than that of the
hydrophilic dye rhodamine B (aqueous soluble), suggesting that
the microemulsion is of the W/O type. At 9 and 13 wt% aqueous
solution, the diffusion rate of both dyes in the microemulsion is
similar and faster than at lower aqueous solution content,
suggesting a striking structural change. It is worth noting that
at 13 wt%, the diffusion rate of both dyes is faster than at 9 wt%
consistent with a bicontinuous structure. The concentration at
which the dye diffused faster agreed with the occurrence of a
plateau in the conductivity curves. Therefore, a subregion of
bicontinuous microemulsions, represented as L2

0 in the phase
diagram of Fig. 1 was drawn based on conductivity results.

Further microemulsion characterization was carried out by DLS.
As the aqueous phase concentration increased, the microemulsions
showed an increase in the characteristic size (hydrodynamic radius)
and an increase in the polydispersivity. The droplet size of micro-
emulsions with a S : O ratio of 32 : 68 was 65 � 29 nm at 8.9 wt% of
aqueous solution; and 184 � 148 nm at 12.4 wt% of aqueous
solution. The high values and large deviation in the size could be
an indication of percolated or bicontinuous microemulsion.

Fig. 1 Phase diagram at 25 1C of the aqueous solution–Triton X-100–diisopropyl
adipate system.
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3.2. Electrodeposition process and deposit characterization

From this study, bicontinuous microemulsions have been
selected to perform the CoNi electrodeposition process, due
to its higher conductivity values. The deposition process in the
bicontinuous microemulsions was studied by means of cyclic
voltammetry to determine the oxidation and reduction pro-
cesses and to find the optimum potential of deposition. Two
microemulsions containing significant different aqueous
solution percentages belonging to the bicontinuous L2

0 region
were selected:

(i) A: 21.0 wt% W, 39.5 wt% O and 39.5 wt% S (O/S 50 : 50).
(ii) B: 13.5 wt% W, 54.5 wt% O and 32.0 wt% S (O/S 63 : 37).
The voltammetric study was performed on a Si–Ti (10 nm)/

Au (50 nm) electrode, starting the voltammetric scan at a

potential where no process took place. First, it was scanned
to negative potentials to detect the reduction process and after
the scan was reversed to positive ones to analyze the oxidation
process.

Fig. 4 shows the cyclic voltammograms recorded, under
stationary conditions, in the potential range of �1.25 V to
0.75 V using a potential sweep of 50 mV s�1 for the two
proposed systems. The current density detected in the voltam-
metric curves is very low, as corresponds to the low content of
the electrolytic aqueous component in the global system
(microemulsions), although it is sufficient to analyze the
deposition process. Lower reduction current, and therefore
lower deposition rate, is observed from the microemulsion
with low content of the aqueous phase, of lower conductivity.
The potential region for the deposition can be observed from

Fig. 2 Conductivity (k) and dk/dW as a function of aqueous solution concentration (W) at 25 1C for microemulsions with a S : O ratio of (a) 32 : 68 and (b) 50 : 50.

Fig. 3 Dye diffusion tests at a 32 : 68 S : O ratio at different content of aqueous solution after 5 minutes. BS: Black Sudan, RB: rhodamine B.
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around �450 mV. A double oxidation peak is observed rever-
sing the scan in both cases, assigned to the oxidation of the
initial electrodeposited nickel (first band) and the CoNi alloy
oxidation (second band). The kinetics of the process is signifi-
cantly slower than in aqueous solution26 due to the low con-
ductivity generated by the introduction of a dielectric substance
(diisopropyl adipate) and the adsorption of the surfactant over
the electrode.

A potentiostatic method is used for the preparation of CoNi
deposits. A fixed potential of �950 mV was selected, from the
voltammetric experiments, as a sufficiently negative potential
to induce simultaneous nickel and cobalt deposition. Taking
into account the influence that temperature may have on the
deposition and on the solubility of the ethoxylated surfactant,
temperature was maintained at a constant value of 25 1C.

Deposits of the same charge density (�300 mC cm�2) were
prepared using the bicontinuous microemulsions. FE-SEM
micrographs (Fig. 5) are quite revealing, showing marked

differences in the CoNi morphology of the deposits prepared
in the two microemulsions, although similar composition was
obtained. The different morphology could be justified by the
different composition of the microemulsion. Although in both
cases porous deposits were obtained, following probably the
soft-template of the bicontinuous microemulsion, the different
content of the aqueous phase (microemulsion A contains
greater amount of aqueous solution than microemulsion B)
controlled the shape of the deposits. The decrease of the
percentage of the aqueous phase in the microemulsion leads
to more porous deposits and the non-deposited zones reflected
the distribution of the oil phase into the microemulsion.
Moreover, deposits with small grains were obtained (Fig. 5d)
when the amount of surfactant increases.

From the observation of the morphology of deposits, the
electrodeposition could be a good strategy to characterize
the distribution of the oil and aqueous phases into a bicontin-
uous microemulsion. In order to test this possibility, deposits
with different charge densities were prepared (�100, �200 and
�300 mC cm�2) to analyze possible variations in their mor-
phology as a function of the growth of the deposit. Fig. 6 shows
the FE-SEM micrographs of the deposits obtained at different
charge densities from microemulsion B. From these pictures, it
is verified that the shape and morphology of the deposits does
not depend on the charge density even when the deposition
charge is triplicated. Pore’s size seems to be bigger when charge
density is higher. However, the pore size distribution (Fig. 6)
and number-average diameter (Dn) show small local differ-
ences. These small differences could be attributed to the
specific structure of the channels of the bicontinuous micro-
emulsion in contact with the working electrode in each case.

Therefore, the electrodeposition in microemulsions has
revealed to be both a good method of preparation of patterned
deposits and a good technique to distinguish bicontinuous
from discrete type microemulsions containing electroactive
species. For this second application, nevertheless, large charge
densities are not advisable as continuous deposits could be
obtained.

The measurement, by means of an interferometer, of the
thickness of the deposits obtained allowed determining the
growth rate. Table 2 shows the values corresponding to CoNi
deposits prepared from bicontinuous microemulsion B. A
decrease of the growth rate with the deposition time is
observed, probably as a consequence of the deposit encapsula-
tion in the droplets of the aqueous phase.

Fig. 7 shows the morphology of a deposit of CoNi (37 wt%
Co) obtained from microemulsion B but after the preparation
of successive deposits (evolved microemulsion) that provide an
idea about the evolution of the bicontinuous microemulsion
upon consumption of the electrolytes due to their deposition.
The conductivity of the microemulsion gradually decreases as
successive deposits are prepared. The low conductivity of the
electrodeposition medium confirms that this system is a non-
percolated water-in-oil microemulsion (W/O).

As the electrodeposition in microemulsions permitted us to
prepare different CoNi structures, the magnetic properties of

Fig. 4 Cyclic voltammograms of Si–Ti (10 nm)/Au (50 nm) substrates: (a)
bicontinuous microemulsion A. (b) Bicontinuous microemulsion B. Under stationary
conditions. The data of b are taken from the test of the process in a previous study
of our group.21

Fig. 5 FE-SEM micrograph of (a and b) deposit using bicontinuous micro-
emulsion B and (c and d) deposit using microemulsion A. Deposition charge
�300 mC cm�2.
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the deposits prepared from the initial bicontinuous micro-
emulsion B and from the evolved W/O microemulsion were
compared (Fig. 8). Magnetization curves were taken with the
field applied parallel to the samples at room temperature
(25 1C). The two types of deposits with (i) morphology of
Fig. 5a and (ii) morphology of Fig. 7 have soft magnetic behavior.
Clear differences in the magnetization of saturation (Ms) were
observed. The Ms values are dependent on the composition and

the amount of deposit. As both deposits have similar composi-
tion and they were obtained at the same deposition charge, the
difference between the Ms values for deposits (i) and (ii) shows
that the efficiency of the process is lower in the evolved W/O
microemulsion than in the bicontinuous one, because a lower
amount of deposit was formed. The use of a W/O microemulsion
structure causes a reduction in the efficiency; the formation of
nanoparticles can catalyze the hydrogen evolution process.

A constricted magnetization curve was obtained for the
deposit (ii) obtained from a non-percolated W/O microemulsion,
probably as a consequence of the mixed deposit formed by
nanoparticles and their aggregates.

Fig. 6 FE-SEM micrograph and pore analysis distribution of the obtained deposits at the same potential from bicontinuous microemulsion B at different charge
density: (a) �100, (b) �200 and (c) �300 mC cm�2.

Table 2 Thickness and the growth rate of deposits obtained with bicontinuous
microemulsion B at different charge density

Charge density
(mC cm�2)

Thickness
(nm)

Growth rate
(nm min�1)

�300 80 5
�200 64 9
�100 40 10

Fig. 7 FE-SEM micrograph of deposits obtained at �300 mC cm�2 in the W/O
evolved microemulsion B.

Fig. 8 Room-temperature magnetization curves of (a) bicontinuous micro-
emulsion B deposits and (b) W/O evolved microemulsion deposits of CoNi on
Si–Ti (10 nm)/Au (50 nm) pieces.
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4. Conclusion

A ternary mixture of aqueous solution (electrolytic solution),
Triton X-100 and diisopropyl adipate has been demonstrated to
be useful to prepare microemulsions with high enough con-
ductivity to allow an alloy electrodeposition process. The pre-
paration of confined nanostructures with tailored magnetic
properties has been possible. The oil component is environ-
mentally adequate. The phase behavior of the ternary mixture
of aqueous solution, Triton X-100 and diisopropyl adipate has
been studied at constant temperature (25 1C) to define the
microemulsion region and the compositions more adequate to
allow electrodeposition. The microemulsion region showed
transitions in microemulsion structure and dynamics; compre-
hensive conductivity studies confirmed that non-percolated
W/O, percolated W/O, and bicontinuous microemulsions (at
maximum aqueous solution solubility) were formed. Bicontin-
uous microemulsions have been chosen as the more adequate
to perform the CoNi electrodeposition process because they
provide enough conductivity.

The electrodeposition method allowed us to obtain CoNi
micro/nanostructures and modulate the morphology and the
magnetic properties as a function of the electrodeposition
system. The microemulsion phase plays the role of a ‘‘soft-
template’’ in the electrodeposition process. Bicontinuous
microemulsion provides porous films and evolved water-in-oil
microemulsion gives aggregates of nanoparticles. All these
deposited geometries had a similar composition (B60 wt%
Ni). These results suggest that electrodeposition in microemul-
sions is a good method for preparation of patterned deposits as
the morphology of the deposits does not depend on the charge
density in the 100–300 mC cm�2 charge range.

Changes in magnetism have been detected, related to the
different shapes of the nanostructures. Surfactant and micro-
emulsion effects have an influence on the coercivity values of the
material. The magnetization of saturation (Ms) of the samples
shows that the efficiency of the process is lower in the evolved
W/O microemulsion than in the bicontinuous one; the former
favors formation of nanoparticles and more hydrogen evolution.
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Universitat de Barcelona (CCITUB) for allowing us to use their
equipment. Substrates have been prepared in IMB-CNM (CSIC),
supported by the (CSIC) NGG-214 project. A. S. would also like to
thank the Ministerio de Educación, Cultura y Deporte for its
financial support (FPU grant).

References

1 G. P. Pavithra and A. C. Hegde, Appl. Surf. Sci., 2012, 258,
6884–6890.
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trosynthesis method of CoPt nanoparticles in
colated microemulsions

rà, E. Gómez and E. Vallés*

ctrochemical synthesis of CoPt nanoparticles on Si/Ti/Au substrates has been performed in

ted water-in-oil (w/o) microemulsions to define the nanoparticle size and composition. The

allowed us to propose this method for direct growth of nanoparticles over substrates, avoiding

ping of the particles during the deposition. We use proportions of an aqueous CoPt solution,

ant and oil components to form w/o microemulsions in which droplets of the aqueous solution

e dispersed in the oil, but in a percolated state, to enhance the global conductivity of the system,

g the electrodeposition process, although at a moderate rate. Under these conditions isolated

rticles have been obtained, whose composition is dependent on the composition of the solution

aqueous droplets. Nanoparticles obtained at very low deposition rate aggregate by superficial

n leading to some well-defined hexagonal particles, reflecting their crystalline structure. When

portions of the microemulsion components lead to a bicontinuous structure, growing particles

and branched structures have been obtained by electrodeposition.
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View Journal  | View Issue
i
a
l
y
i

n
s
t
o
l
t
po
o
it
iz
m
e
la
it
s
s
f
a
r
t(
ct
o
m
h

. Introduction

arious methods for controlling the growth of nanoscale
aterials (nanoparticles, nanorods or nanowires) of semi-
onductors, metals, and oxides have been developed, some of
em to synthesize alloys or intermetallic nanoparticles,1–4

sually by means of chemical reduction in micelles. Dened
hape, composition and crystal phase of the nanoparticles is
ssential for catalytic, optical, chemical and magnetic appli-
ations.5,6 Thermal treatments at high temperatures are oen
ecessary to obtain a specic crystal phase of the alloy
articles but these post-synthesis treatments oen affect the
ize, structure and particle distribution of the particles'
izes.7

Electrodeposition is a low cost and simple technique, and
as been shown to be a useful technique to prepare nanoscale
aterials that can be grown directly over devices8–10 and allows
reparing nanostructures using templates or photolitho-
raphed substrates.11–13 Furthermore, it requires a strict
ontrol of the deposition charge to grow nanoparticles over
ubstrates. However, electrodeposition could be used to
anoparticles controlled synthesis with appropriate nano-
mplates. Specic microemulsions could be used for this aim.
ifferent types of microemulsions with water, oil and surfac-
nts can be formed:14–17 oil-swollen direct micelles dispersed

water (o/w microemulsions), water-swollen inversed

micelles d
aqueous
microemu
frequentl
reduction
have bee
emulsion
nanostruc
zine or b
microemu
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electrode
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conductiv
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in perco
conductiv
emulsion
droplets
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provide n
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[Co(II)]/[P
been sele
interest f
proposed
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N2UB), Universitat de Barcelona, Mart́ı i Franquès 1, 08028, Barcelona, Spain.
2014
spersed in oil (w/o microemulsions), or with both
nd oily interconnected domains (bicontinuous
sions).18–20 W/o microemulsions have been
used to form small nanoparticles by chemical
n the droplets.21–23 Moreover, some recent studies
demonstrated the possibility to use also micro-
as templates for electrochemical synthesis of
ures, without using aggressive reagents like hydra-
rohydride. The very low conductivity of the w/o
sions makes very difficult the electrodeposition,
inuous microemulsions (more conductive) allows
siting porous or non-continuous deposits.24–26 We
w the use of percolated microemulsions (moderate
y) to electrodeposit nanoparticles of controlled and
es.
of this work is the synthesis of CoPt nanoparticles
size, shape and composition by electrodeposition
ted water-in-oil microemulsions, with enough
y to permit electrodeposition. Percolated micro-
can guarantee the droplets independence. The
hould contain the electrolytic solution and the
the size and distribution of the droplets would
noparticle of controlled size, shape and distribu-
der to vary the microemulsion structure, different
IV)] ratios have been studied. The CoPt system has
ed because CoPt nanoparticles present increasing
r their catalytic or magnetic properties and the
ethod could permit the preparation of controlled
ape NPs.
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. Experimental section

he microemulsion (ME) region in the diisopropyl adipate (O),
riton X-100 (S) and aqueous solution (W) system was deter-
ined by the stepwise addition of aqueous solution to oil/
urfactant mixtures at 25 �C, under stirring (100 rpm). The
amples were homogenized (vortex) and analysed once equilib-
um was reached. The aqueous phase contains CoCl2 (2.5 mM,
.5 mM CoCl2 or 10.0 mM CoCl2) + 1.2 mM Na2PtCl6 + 0.1 M
H4Cl + 10 g$dm�3 H3BO, solutions, freshly prepared with
ater treated with a Millipore Milli Q system. The solution's pH
as adjusted (pH ¼ 4.5) with NaOH solutions. The solubility of
e salts in the oil was negligible. The microemulsions type was
etermined by different dyes (Black Sudan HB and Rhodamine
) and conductivity measurements that were carried out using a
rison conductimeter GLP31. The conductivity cell was a model
2-92 (Crison) with Pt electrodes and a cell constant of 1 cm�1.
Electrochemical study and deposits preparation were per-
rmed in a conventional three-electrode cell at room temper-
ture. A potentiostat/galvanostat Autolab with PGSTAT30
quipment and GPES soware was used. Each system was de-
erated by argon bubbling before each experiment and main-
ined under argon atmosphere during the study. Silicon/Ti
000 Å)/Au (500 Å) substrates (0.5 cm � 0.5 cm) supplied by
B-CNM (CSIC) have been used as working electrodes to

btain the deposits. The substrates were cleaned with ethanol,
nsed in water and dried before electrodeposition. The refer-
nce electrode was an Ag/AgCl/1 M KCl electrode. The counter
lectrode was a platinum spiral. The microemulsions did not

stir durin
microemu
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ig. 1 Conductivity (k) as a function of aqueous solution content (w) at 25 �C for samp
oCl2: (-) 2.5 mM, (B) 7.5 mM and (C) 10.0 mM.

4282 | RSC Adv., 2014, 4, 34281–34287
the electrodeposition process to maintain the
sion structure as template.
al composition of the deposited nanostructures was
sing an Electron Probe Micro-Analysis (EPMA) by
-dispersive X-ray spectroscopy analysis (WDS) with
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ing Electron Microscopy FE-SEM) and Hitachi 800
re used for the observation of the different samples.

ults and discussion
tion of the best microemulsions to perform the
odeposition

roportions of the three selected components (oil,
and aqueous electrolytic solution) were tested to
proportions able to prepare microemulsions. From
ost conducting ones were chosen to try performing

ectrodeposition of CoPt nanostructures. The crystals
e was avoided to perform the deposition, due to the
working in too much viscous medium.
easures of conductivity of the O:S:W systems, the
of their stability, and the test with two different
Sudan and Rhodamine B), the microemulsion

ve been identied. Fig. 1 shows the curves of
y of the ternary system with a constant S:O ratio of
) and variable percentage of aqueous solution, for
ent compositions of the electrolytic solution (w). In
the conductivity increases with the percentage of
lution, showing two signicant changes, the rst one
les with a S:O ratio of 0.59 and different concentration of
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Table 1 Microemulsion composition of different studied systems

ME wt% O wt% S wt% w S:O ratio
[CoCl2]
in w mM

Na2[PtCl6]
in w mM

I 51.6 30.4 18.0 0.59 2.5 1.2
II 50.4 29.6 20.0 0.59 7.5 1.2
III 50.4 29.6 20.0 0.59 10.0 1.2
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terpreted as the change from the continuous w/o micro-
mulsion to the percolation of aqueous droplets, and the
econd one as the change from percolated microemulsion to
icontinuous microemulsion.24,25 Further increase of the w
ercentage causes the separation of phases, reected by the new
crease of conductivity. The use of the two dyes veried the
sults obtained by conductivity measures. At low content of
queous solution, the diffusion of the Black Sudan (lipophilic
ye) is faster than that of the Rhodamine B (hydrophilic dye),
hich suggests that the microemulsion is w/o type. By
creasing signicantly the content of aqueous solution, a

interfacia
same con
a higher
CoCl2 tha
[CoCl2] is
in the in
nating eff
concentra

3.2. Volt
microemu

From the
emulsion

48.1 28.4 23.5 0.59 10.0 1.2
imilar and fast diffusion rate of the two dyes was observed, (point IV in
deposition.
in Table 1.

ig. 2 Cyclic voltammograms of (a) aqueous solution, (b) aqueous
lution with Triton X-100 (30.4 wt%) and (c) microemulsion I, 50mV s�1.
i/Ti/Au substrate.

Fig. 3 Cycli
and (c) III.
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coherent with a bicontinuous microemulsion

roemulsion regions were affected by the composi-
queous component (w). An increase of [CoCl2] in the
mponent leads to a change in the microemulsions
ttributed to interfacial effects (e.g., modication of
ension, variations in the interfacial rigidity). For the
nt of aqueous solution (for example, a 15 wt% of w),
nductivity of the microemulsion with 2.5 mM of
that of the systems containing triple or quadruple
bserved (Fig. 1), which demonstrates that the change
rnal structure of the microemulsion is the domi-
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mmetric study of the CoPt process in the
sions

arlier results, three percolated water-in-oil micro-
(points I, II and III in Fig. 1) and one bicontinuous
Fig. 1) were selected to perform the CoPt electro-
The composition of these microemulsions is shown

The voltammetric response of the process in each

c voltammograms of CoPt in microemulsions: (a) I, (b) II
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Table 2 Elemental composition of CoPt deposits (WDS analysis)
prepared at 25 �C in different microemulsion systems

ME
[CoCl2]
in w at. %

Na2[PtCl6]
in w at. % at. % Co at. % Pt

I 68 32 59 � 1 41 � 1
II 86 14 76 � 1 24 � 1
III 89 11 77 � 1 23 � 1
IV
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icroemulsion was analysed and interpreted by comparing
ith those obtained in aqueous solution without and with
urfactant.
In the Fig. 2a, the voltammetry of the CoPt system in the

queous solution selected reveals the initial platinum reduction

1), followed by proton reduction (R2); cobalt co-deposition
kes place simultaneously to hydrogen evolution (R3, from
bout �0.5 V). Oxidation of retained molecular hydrogen (O1)
nd CoPt alloy (O2) were observed in the anodic scan. The
upercial oxidation of the initial platinum was detected at
otentials more positive than 0.5 V (O3).
When the voltammetric curves of CoPt in aqueous solution

ontaining signicant concentration of surfactant were recor-
ed (Fig. 2b), some changes were observed: the platinum
duction process begins at more negative potentials as a
onsequence of the adsorption of the surfactant on the gold
ubstrate. The protons reduction and the hydrogen evolution
ere also minimized by the presence of the surfactant adsorbed

aqueous s
lower amo
species) a
reduction
potential
conductiv

Fig. 3
componen
process, b
emulsion
reduction
enhances
the forma
[Pt(IV)] ra
aqueous s
deposition
minimize

The vo
process o
with simi
surfactan

89 11 77 � 1 23 � 1
ig. 4 FE-SEM micrograph (a) and TEM micrographs (b and c) of CoPt deposits obtain
lected area electron diffraction of the small particles obtained in microemulsion I.

4284 | RSC Adv., 2014, 4, 34281–34287
trate. In the anodic scan, the peak O2, corresponding
idation, is clearly observed. The adsorption of the
avoids also the formation of supercial platinum
refore, CoPt can deposit in the presence of signi-
t of surfactant.
icroemulsion system I, the voltammetric curves

ery lower current density than that observed in
lution containing surfactant, as corresponds to the
nt of aqueous solution (containing the electroactive
d the specic microemulsion structure (Fig. 2c). Slow
processes (reected by the low current density/
lope) took place as a consequence of the low
y of the system.
nalyses the effect of the [CoCl2] (in the aqueous
w of the microemulsion) in the electrodeposition
comparing the voltammetric curves of the micro-
I, II and III. When the [CoCl2] increases, the cobalt
current increases and the alloy oxidation peak
nly one oxidation peak was observed, which reects
on of a CoPt solid solution, for the different [Co(II)]/
s in solution. The increase of the [CoCl2] in the
lution also increases the conductivity of the global
system, respect to that of microemulsion I, which
the ohmic control of the process.
ammetric results demonstrate that the deposition
CoPt in percolated w/o microemulsions is feasible,
r behaviour that in aqueous solution containing
but at lower deposition rate.
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ed in microemulsion I. (d) Particle distribution size and (e)
Deposition charge: 300 mC cm�2.
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.3. Preparation and characterization of the CoPt deposits

rom the previous voltammetric study, Pt and Co codeposition
eems to be possible from the tested microemulsions. Deposits
ere potentiostatically prepared, by applying low deposition
harges to obtain CoPt nanoparticles and to analyze the rst
tages of the deposition process in percolated microemulsions.
ll the deposits were obtained without stirring to maintain the
onned electrodeposition process in the microemulsion
mplate. Hydrogen bubble detachment during electrodeposi-
on was not observed, which corroborates the information
btained in the voltammetric study.
Deposits were analysed and observed for SEM and TEM. For

EM observation, the nanostructures were detached from the
ubstrate. This was achieved by removing the Au layer using a
aturated I2/I

� solution. The nanostructures were later retained
y an external magnetic eld and washed with water and
thanol.
Clear differences in the Pt percentage were detected at

xed deposition potential (�1050 mV) and charge density
00 mC cm�2) for the studied microemulsions (Table 2), due
the different concentration of Co(II) in the aqueous

From m
Pt were ob
that these
few nano
bution si
particles
Conned
substrate
shape lea
cobalt cry
tion, as o

CoPt d
Co, respec
aqueous
amount o
same dep
efficiency
proportio
nanoparti
from micr
III. In all
of the

aper
omponent.
microemul

ig. 5 TEM micrographs of obtained deposits with microemulsions (a) II, (b) III and (c

his journal is © The Royal Society of Chemistry 2014
icroemulsion I, CoPt deposits of around 41 at. % of
ained. FE-SEM and TEM micrographs (Fig. 4) show
eposits are constituted by small nanoparticles of a
eters (Fig. 4a and c) with a narrow particle distri-
around 4 nm (Fig. 4d), and aggregates of nano-
the form of hexagonal structures (Fig. 4a and b).
anoparticles can aggregate by diffusion on the
n well-dened hexagonal structures. This dened
s to propose the formation of deposits with hcp-
talline structure distorted by platinum incorpora-
urs in aqueous solution.27,28

posits with high cobalt content (76 and 77 at. % of
ively) were obtained by increasing the [CoCl2] in the
mponent (microemulsions II and III). A greater
eposit than inmicroemulsion I was obtained for the
sition charge, whose reveals an increase of the
of the process, as a consequence of the lower
of platinum in the deposits. Fig. 5a and b show CoPt
les (tending to hexagonal shape) of around 3 nm
emulsion II and around 4 nm from microemulsion
ases, the size of the nanoparticles is in the order
queous droplets determined for similar w/o

29,30
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Deposits obtained from microemulsion III and IV are
ompared (Fig. 5b and c) in order to establish the template
ffect of the percolated w/o and bicontinuous microemulsions.
oth microemulsions contain the same [CoCl2] in the aqueous
omponent (w), but different proportion of w in the micro-
mulsion, as the manner that III is a percolated w/o micro-
mulsion and IV is a bicontinuous one. In both cases the same
omposition (77 at. % of Co) of the CoPt deposits was obtained,
ut monodisperse nanoparticles around 4 nm were obtained
om percolated microemulsion III (Fig. 5b) whereas branched
anostructures were obtained from bicontinuous micro-
mulsion IV (Fig. 5c), as it is expected for their intrinsic struc-
re. The proportion of aqueous component in the
icroemulsion conditions its structure and, therefore, the
orresponding deposit structure. For percolated micro-
mulsions (I, II, III), the presence of overlapped or interacting
queous droplets is expected, and small nanoparticles are
rmed by electrodeposition, although the rst conned nano-
tructures can slowly join in other of greater size. However, for
icontinuous microemulsions such as IV, the initial electro-
eposited nanostructures are maintained less easily isolated,
ading to less conned branched nanometric structures.
The TEM micrographs exhibit different sets of fringe

atterns (Fig. 5) in the observed nanoparticles or nano-
tructures, from which the crystalline structure can be deduced.
he Fast Fourier Transform (FFT) taken from representative
gions of the samples let us identify lattice fringes, veried by
e selected area electron diffraction patterns (vg Fig. 4e),
ading to d-spacings values of 2.23 Å, 2.11 Å and 2.00 Å, which
atch perfectly with the (100), (002) and (101) orientations of a
oPt hcp structure, distorted respect to the Co hcp one. More-
ver, d-spacings of 4.67, 2.86 and 2.44 Å, corresponding to the
11), (220) and (311) orientations of Co3O4-fcc structure were
etected. The values of the d-spacings of the hcp-CoPt phase
ere greater when the at. % of Pt increase as a consequence of
igher Pt incorporation.
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r a c t

itions to obtain metal micro/nanostructures by templated electrodeposition using bicontinuous
ulsions have been proposed. For this, different microemulsions have been tested to discover,
nd generalize the conditions that must fulfill in order to act as a template for metal electrode-
Bicontinuous microemulsions were selected to provide enough conductivity to permit the pro-
ignificant velocity. Using the cobalt deposition process from a single bath in the aqueous
nt of the microemulsion as a test, the relation between the nature of the microemulsions and
late capacity in the electrodeposition process has been deduced. Depending on the characteris-
ch selected microemulsion, either continuous or nanostructured deposits (porous films or par-

20–50 nm) were obtained. The conditions for which the microemulsions act as templates in the
position are: (1) immiscibility of oil and aqueous solution components, (2) low dielectric con-

the oil to favor the non-dissolution of the electroactive species, (3) the use of a surfactant that
he solubilization of electroactive species. Also, the possibility of using an electrodeposition
to characterize the structure of some microemulsions has been demonstrated.

� 2014 Elsevier B.V. All rights reserved.
. Introduction

The development of nanometer-sized materials (nanoparticles,
anowires, nanorods, nanostructured thin films, etc.) has been
tensively studied due to their considerable technological and
ndamental scientific interest [1–3]. Many strategies and tech-

iques to prepare nanomaterials and control their characteristics
ave been developed because composition [4–8], shape, thickness
nd crystalline phase of the nanostructures determine their optical,
hemical, magnetic and catalytic properties.

Electrodeposition is proved as a promising technique to prepare
anomaterials (alloys, intermetallic, oxides and composites) that
ould be grown directly on the devices because it is an advanta-
eous [9,10], simple and cost-efficient technique as its experimen-
l setup does not require high temperatures and vacuum

onditions. Furthermore, it allows an easy control of composition,
ickness and growth process. The architectural growth can be

ontrolled by the use of templates or lithographed substrates. In
e last years, the use of alumina or polycarbonate membranes

as permitted the control of the separation and aspect-ratio of
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ctures, providing the possibility to define nanowires
t length and width [11–16]. Recently, there are some
analyze the capability of soft template systems like
ons and self-assembled monolayers [17,18].
ulsions are thermodynamically stable liquid solutions
l and amphiphile which are optically single isotropic

ending on the temperature, the electrolyte concentra-
roemulsions could exist as oil-swollen direct micelles
water (o/w microemulsions), water-swollen inverse
ersed in oil (w/o microemulsions), or with both aque-
continuous domains as interconnected sponge-like

continuous microemulsions) [19–22]. Microemulsions
sed as a reaction medium, a soft template, for the
thesis of small nanoparticles or other nanostructures

ng substances [23–27].
us studies the possibility to use microemulsions media

osit alloys was tested [28,29]. This procedure could be
od for preparation of nanostructures, avoiding the use
e reducing substances. It could allow preparing nano-
f different shape and size. However, the conditions in
s possible must be analyzed. The aim of this work is
analyze and generalize the conditions that bicontinu-
ulsions must fulfil in order to act as a template for
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etal electrodeposition defining nanostructures. Bicontinuous
icroemulsions are selected to provide enough conductivity to al-

ow significant deposition rate. Different microemulsions systems
ith different characteristics have been selected to this aim [28–

2]. Moreover, electrodeposition could be proposed as a morpho-
ogical characterization technique to visualize microemulsion mor-
hology of some type of microemulsions in the case that
lectroactive species could be dissolved in aqueous or organic com-
onent. Cobalt electrodeposition has been selected for this study.

. Materials and methods

.1. Materials

.1.1. Surfactants
Non-ionic surfactant p-octyl polyethylene glycol phenyl ether

.k.a. Triton X-100 (Acros Organics, 98%), polyoxyethylene lauryl
ther a.k.a. Brij 30 (Sigma), polyoxyethylene sorbitan monooleate
.k.a. Tween 80 (Aldrich).

.1.2. Oils
Diisopropyl Adipate (Croda), Isopropyl Myristate (Sigma-Al-

rich), Isohexadecane (commercial name Arlamol HD, UNIQEMA),
sohexadecane (Fluka, 98+%), oleic acid (Sigma Aldrich, 99+%).

.1.3. Electrolytes
Cobalt chloride (Carlo Erba, 99+%), Sodium Hydroxide (Panreac,

9+%).

.1.4. Other additives
Butyl-L-Lactate (Sigma-Aldrich), Rhodamine B (Sigma-Aldrich),

udan Black HB (Sigma-Aldrich), n-propanol (Acros Organics,
9.6%).

All solutions were prepared with deionized water (Millipore Q-
ystem) with a resistivity of 18.2 MX cm.

.2. Procedures and apparatus

Microemulsions systems (MS) described in the bibliography
ave been selected to perform the electrodeposition (Table 1),
ut substituting the water with the cobalt (II) electrolytic solution
0.5 M CoCl2; pH adjusted to 4.0 with a NaOH diluted solution) and
electing the adequate aqueous component percentage from con-
uctivity measures. The microemulsion regions in the aqueous
olution component (W), organic component (O) and/or surfactant
S) systems were prepared by the stepwise addition of aqueous
olution (or organic component, in system D) to oil/surfactant mix-
ures (or water/surfactant mixture, in system D) at controlled tem-
erature, under magnetic stirring at 400 rpm. The microemulsion
ompositions and the ratio of components are expressed in weight
y systems SA, SB and SC and in volume at system SD throughout
he text. The conductivity was measured using a Crison conductim-
ter GLP31 with a 52-92 (Crison) conductivity cell (1 cm�1 of cell
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Components References

Classical Aqueous solution, Triton X-100,
Diisopropyl Adipate

[28]

Aqueous solution, Brij 30, Isohexadecane [30]
Aqueous solution, Tween-80, Butyl-L-
Lactate, Isopropyl Myristate

[31]

Surfactant-free Aqueous solution, propanol, Oleic acid [32]
easurement of conductivity was carried out with an
uracy up to ±0.05 �C by a CAT Crison temperature sen-

55-31).
trochemical study has been carried out in different
ion systems. Cyclic voltammetry and potentiostatic
sition was done with microcomputer-controlled poten-
nostat Autolab PGSTAT30 with GPES software and a

ode cell containing a Si/Ti (10 nm)/Au (50 nm)
.50 cm of exposed area) working electrode, a Ag/

Cl reference electrode and a platinum wire counter
nder temperature controlled conditions. Each system
ated by argon bubbling before each experiment and
under argon atmosphere during the electrochemical
deposition charge density and current density are cal-
a virtual exposed area in all the cases. Voltammetric

s were performed at a scan rate of 50 mV s�1 without
he solution.
phology analyses of the obtained deposits were exam-

g Field Emission Scanning Electron Microscopy (JEOL
Scanning Electron Microscopy (JEOL JSM-7100F) or
n Electron Microscopy (Hitachi 800 MT). For the TEM
s essential to release the nanostructures from the sub-
was achieved by removing the Au layer using a satu-
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gnetic field and washed with water and ethanol.

nd discussion

erent bicontinuous microemulsions have been tested
plates in the electrodeposition process. In each case,
ions of the components have been selected to obtain
based on the literature studies, identified as optically
regions, isotropic mixtures and thermodynamically

direct mixture of all the components and the system
when the temperature changes (increase or decrease)
to the initial stage corroborate the microemulsion nat-
mation of bicontinuous, described in the bibliography,
d by conductivity and dye diffusion test with Black Su-
Rhodamine B. Moreover, conductivity measures, in the
tion lines, permit to identify the effect of substituting

by the electrolytic Co(II) bath as the aqueous compo-
h microemulsion type.
l bicontinuous microemulsions

t three microemulsions, described in the bibliography
but replacing aqueous component for cobalt (II) solu-
y the cobalt electrodeposition and the type of deposit

m them. In order to satisfy the template capability we
ases an organic medium (O) immiscible in water, with
ic constant (e) to avoid the solubilization of the cobalt
manner that we expect that cobalt electrodeposition
nly from the aqueous component. The three micro-
SA, SB and SC) contain different oils and surfactants

uctivity of the systems SA and SB as a function of the
of aqueous component was analyzed to determine

ition for which bicontinuous microemulsion is formed.
yzed dilution line (RS:O) (Table 2), the electrical conduc-

microemulsions (systems SA and SB) changes with
ater content (Fig. 1). For low percentages of Co(II)

lution, conductivity remains very low as corresponds
uous microemulsion (w/o microemulsion); the poster-
increase of conductivity reveals the existence of a per-
nomenon and the next slow increase of conductivity is
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Table 2
Selected dilution line and surfactant and oil properties.

System Oil (dielectric constant) Surfactant HLB RS:O

SA Diisopropyl Adipate (5.34) Triton X-100 13.5 32:68
SB Isopropyl Myristate (3.24) Tween 80 15.0 80:20
SC Isohexadecane (2.10) Brij 30 9.70 32:68

Fig. 1. Variation of electrical conductivity in system SA and SB along the dilution
line S:O 32:68 and 80:20 ratio, respectively, as a function of cobalt (II) aqueous
solution.

Fig. 2. Cyclic voltammogram of selected bicontinuous microemulsion (A) SA, (B) SB
and (C) SC under stationary conditions on Si/Ti (10 nm)/Au (50 nm)
(0.50 cm � 0.50 cm of exposed area) substrate.
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scribed to the progressive growth and interconnection of aqueous
icrodomains as corresponds to a bicontinuous microemulsion

tructure. The last pronounced increase of conductivity occurs un-
l the phases’ separation. This assignation of microemulsions as a
nction of the conductivity has been verified by dye diffusion tests
igs. 1S and 2S). From this study, bicontinuous microemulsions
ith 11.8 (j = 780 lS cm�1) and 23.0 (j = 400 lS cm�1) wt.% of

queous Co (II) component were selected to perform the electrode-
osition for systems SA and SB, respectively.

The last classical bicontinuous microemulsion considered (SC),
ith a high content of aqueous component, has been selected to

erify its capacity as template of the electrodeposition in these par-
cular conditions. For this system, the microemulsion region is
ery small [31], but the selected composition (70.0 wt.% of cobalt
queous solution, 20.4 wt.% of Isohexadecane and 9.6 wt.% of Brij
0 at 25 �C) leads to stable bicontinuous microemulsion, corrobo-
ted by electrical conductivity measures (j = 2154 lS cm�1) and

ye diffusion tests (Fig. 3S).
The potential used to perform the electrodeposition was se-

cted from the voltammetric study of each microemulsion. In all
ases, the typical crossover between cathodic and anodic current
n reversing the sweep, corresponding to the nucleation and
rowth loop of cobalt, is observed (Fig. 2). However, some differ-
nces are detected in the electrodeposition process from each
icroemulsion: Cobalt oxidation peak is observed in SA and SC
icroemulsions, in whose high Qox/Qred ratios were obtained
8%), whereas in SB, cobalt oxidation peak is not observed (Qox/

red ratio = 0.5%) because probably the surfactant and cosurfactant
dsorption on the cobalt deposit blocks its oxidation. Moreover,
e current densities recorded in the process and the deposition
tes increased (j/E slopes of 2.9 � 10�2 (SB), 2.8 � 10�1 (SA), and

.4 � 10�1 A cm�2 V�1 (SC) with the conductivity of the micro-
mulsions (400 (SB), 780 (SA) and 2154 lS cm�1 (SC)).

From the voltammetric study, we select a potential of
1000 mV to test the template capacity of the different micro-
mulsions at not very slow deposition rate. Les negative potentials
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ability. FE-SEM micrographs of the cobalt deposits ob-

the three bicontinuous microemulsions show different
s (Fig. 3).

hows that the bicontinuous SA microemulsion favors
n of porous cobalt electrodeposits, in which the non-
nes reflect the isolated oil regions. Moreover, the mor-
intains at different charges densities: Fig. 3A corre-
Co deposit obtained at �300 mC cm�2 and the inset
sit prepared at � 600 mC cm�2.
nce of the high percentage of surfactants (microemul-
plies the formation of non-continuous particulate

ig. 3B corresponds to a Co deposit obtained at
�2 and Fig. 3C to a Co deposit prepared at

m�2. To clearly assure the particles formation, difficult
-SEM images, the cobalt deposits were analyzed by
etaching them from the substrate. Fig. 3D shows that

are formed by non-spherical nanoparticles with a
rticle size distribution (20–50 nm). The nature of this

s microemulsion forces the electrochemical growth in
rt of the Co (II) aqueous solution regions, leading par-
osits.
tinuous microemulsion SC (with the highest aqueous
ws obtaining Co layers showing acicular morphology
F) similar to those observed in electrodeposited cobalt
ride medium and aqueous solution [33,34]. Therefore,
s microemulsions with high content of aqueous com-
ot act as a template, being the resulting electrodeposits

films as in aqueous solution. This is not surprising
talking about ‘‘soft’’ templates.

nt-free bicontinuous microemulsions

rfactant-free microemulsions (SFMEs) have been also
ctrodeposition template. According to the bibliogra-

formed by propanol, oleic acid and water can form
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Fig. 3. FE-SEM micrographs of cobalt deposits obtained at �1000 mV from bicontinuous microemulsion SA (A), SB (B, C) and SC (E, F). Image (D): TEM micrograph of the
cobalt particles from bicontinuous microemulsion SB. Si/Ti (10 nm)/Au (50 nm) (0.50 cm � 0.50 cm of exposed area) substrate.
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icontinuous microemulsions, with aggregates similar to micelles,
bserved by Cryo-TEM and FF-TEM [32]. The microemulsion is de-
ned as surfactant-free because propanol does not has a traditional
mphiphilic molecular structure and it shows low surface activity
n both oleic acid (e = 2.5) and water. We select this microemulsion
ystem but substituting the water by the cobalt (II) aqueous solu-
ion (SD) to perform cobalt electrodeposition. However, propanol
e = 20.1) has a high dielectric constant and it may dissolve cobalt
ons after mixing all the components of the microemulsion. This
ould avoid the template capability.

We select the specific composition of the microemulsion from a
:S 1:7 ratio dilution line. We gradually increase the oleic acid

ontent, measuring the electrical conductivity of the microemul-
ion for each composition (Fig. 4A). For low contents of oleic acid,
he conductivity remains constant at high values as corresponding
o an o/w continuous microemulsion; increasing oil percentage,
onductivity decreases due to a progressive growth of interconnec-
ions among the oleic acid domains and the following slow de-
rease of conductivity corresponds to a bicontinuous
icroemulsion structure. The final decrease of conductivity corre-

ponds to the formation of continuous w/o microemulsion. The
haracterization of the microemulsions from conductivity was ver-
fied by dye diffusion tests (Fig. 4S). From this study, a bicontinu-
us microemulsion with 10.5 wt.% of cobalt aqueous solution,
5.8 wt.% of oleic acid and 73.7 wt.% of propanol at 25 �C system
j = 995 lS cm�1) has been selected to perform the cobalt
lectrodeposition.

Cobalt reduction/oxidation process was also detected from this
D microemulsion (Fig. 4B), although involving very low current
ensities. The deposition rate is low as can be observed in the slope

/E value (6.8 � 10�4 A cm�2 V�1) and the measured Qox/Qred ratio
37.2%) reveals the simultaneous hydrogen evolution during the
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icrographs (Fig. 4C and D) show that continuous co-
ts were obtained at �1000 mV from microemulsion

resent particular lichen morphology. Therefore, this
ion shows low ability to template the electrodeposit,
imultaneous electrodeposition of cobalt in both aque-
ent and propanol. Therefore, it is drastically important
mponents very immiscible in water to define templates
eposition. Oils with low dielectric constants are neces-
d the presence of electroactive species in them.

eposition template requirements

g to the study, two of the four tested bicontinuous
ions have been demonstrated as soft templates for
odeposition. Microemulsions SA template the electro-
owth of cobalt leading to porous nanometric films
of around 70 nm. The microemulsion SB also confines
of cobalt in the form of non-spherical nanostructures
in the 20–50 nm range. However, the cobalt grows
emulsions SC and SD in the form of continuous films
nt morphology. To try generalizing the relation be-
ype of microemulsion and the template capability in
trodeposition process, Table 3 shows some character-

ch system that may be useful to determine general
Oil with very different dielectric constant of water
lected to avoid the solubilization of the electroactive
oth components and assure maximum immiscibility
and O. If electroactive species are soluble only in

electrodeposition occurs only from W, electrodeposit
nfined in the regions of aqueous component and,
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voltammograms of free-surfactant bicontinuous microemulsion of system SD. FE-SEM micrographs of deposits obtained from SD at (C) �300 and (D) �600 mC cm�2 at
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Table 3
General features of each bicontinuous microemulsion analyzed systems.

System Dielectric constant Surfactant HLB Aqueous content (%) Template capability

SA 5.34 Triton X-100 13.5 11.8 Yes
SB 3.24 Tween 80 15.0 23.0 Yes
SC 2.10 Brij 30 9.70 70.0 No
SD 2.50 – – 10.5 No

Table 4
Principal electrochemical features of each bicontinuous microemulsion and aqueous classical bath system.

System Conductivity (lS cm�1) j/E slope (A cm�2 V�1) Qox/Qred (%) Deposit morphology

SA 780 2.8 � 10�1 98 Porous
SB 400 2.9 � 10�2 0.54 Non-continuous
SC 2154 3.4 � 10�1 97 Defined edged
SD 995 6.8 � 10�4 37 Lichen
Aqueous bath 43,200 6.9 � 10�1 94 Continuous
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hows that although in the four selected microemulsions systems
e oil has a dielectric constant significantly lower that of the
ater (e = 80), other factors as aqueous solution content and sur-
ctant characteristics condition the confined electrodeposition

rocess.
Systems with high content of metal aqueous solution, as micro-

mulsion C, are not adequate for confined electrodeposition. In sys-
m D (surfactant-free microemulsion), cobalt (II) salts solubilized
the high amount of propanol–water present (73.7 wt.% propanol,

0.5 wt.% aqueous solution) and continuous films were also ob-
ined. Then, for confined electrodeposition, electroactive species
ust be dissolved in the minority component. Moreover, veritable

urfactants more soluble in aqueous component than in oil compo-
ent are adequate to more effectively confine electroactive species

the regions of aqueous component.
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4. Concl

The c
plate in
using an
to perform the electrochemical study. Table 4 shows
ivity values of the different selected bicontinuous sys-
r conductivity favors higher deposition rate, although
s also affects this rate as the specific morphology of

ulsion, the adsorption of the surfactant during the
nd the inhibition or not of hydrogen evolution reac-
that could justify the different values of Qox/Qred ob-
g the voltammetric study.

ns
etal electrodeposition process and the possibility of
ctrodeposition method to characterize the structure
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f some microemulsions has been demonstrated. The incorpora-
ion of electroactive species (cobalt ions have been selected) in
he aqueous component of the microemulsion allows this method
f characterization. We propose this procedure as a new approxi-
ation of microemulsion morphology visualization.

Different microemulsions have been selected in order to extract
eneral principles about this proposal. Bicontinuous microemul-
ions permit template electrodeposition because they favor the
ormation of confined electrodeposits following the structure of
he microemulsion and maintain the electrodeposit morphology
t different low charge densities. However, several conditions are
ecessary for this procedure: (1) a high immiscibility of the oil
nd aqueous electrolytic solution components; (2) a low dielectric
onstant of the oil component to ensure the non-dissolution of the
lectroactive species in the oil; (3) enough conductivity to permit
he electrodeposition at a significant deposition rate; (4) moderate
ercentages of aqueous component in the microemulsion and (5)
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Figure 1S. Visual observation of bicontinuous microemulsion of system SA (11.8 

wt. % of W, 60.0 wt. % of Diisopropyl Adipate and 28.2 wt. % of Triton X-100) and 

dye diffusion test of this selected microemulsion at different times with Sudan Black 

HB (BS) and Rhodamine B (RB).  
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Figure 2S. Visual observation of bicontinuous microemulsion of system SB (23.0 wt. % 

of W, 15.4 wt. % of Isopropyl Myristate, 30.8 wt. % of Tween 80 and 30.8 wt. % of 

Butyl-L-Lactate) and dye diffusion test of this selected microemulsion at different times 

with Sudan Black HB (BS) and Rhodamine B (RB).  
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Figure 3S. Visual observation of bicontinuous microemulsion of system SC (70.0 wt. % 

of W, 9.6 wt. % of Brij 30 and 20.4 wt. % of Isohexadecane) and dye diffusion test of 

this selected microemulsion at different times with Sudan Black HB (BS) and 

Rhodamine B (RB).  

 
 
 



5 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4S. Visual observation of bicontinuous microemulsion of system SD (10.5 

wt. % of W, 15.8 wt. % of Oleic Acid and 73.7 wt. % of Propanol) and dye diffusion 

test of this selected microemulsion at different times with Sudan Black HB (BS) and 

Rhodamine B (RB).  
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Ionic liquids (ILs) have received considerable and increasing interest as non-aqueous 

electrolytes for the electrodeposition, especially since the 2000s after the discovery of 

new moisture- and temperature-stable ILs (RTILs) [27 – 29]. The later generation of 

RTILs have a unique combination of properties (high charge density, electrochemical 

stability, low/negligible volatility, tuneable polarity, etc.), which makes them very 

attractive substances for the replacement of traditional hazardous solvents [30, 31]. 

These ILs are interesting and environmentally friendly solvents as synthetic media, 

even for electrochemical procedures. Most importantly, they can be mixed with each 

other in order to acquire the desired properties (e.g. wider temperature range of the 

liquid phase) and can serve as almost universal solvents [32, 33].  

The history of RTILs dates back to 1914 when the first room-temperature molten salt 

was reported by Walden, who described the synthesis and characterisation of a new 

organic salt, ethylammonium nitrate, which was liquid at room temperature (melting 

point: 12°C) [34]. However, this date could be discussed because Gabriel and Weiner 

reported a new organic salt, ethanol-ammonium nitrate, with melting points of 

52−55°C in 1888 [35]. Later in the 1930s and 1940s, several other RTILs were 

discovered that were mixtures of alkylpyridinium-based organic salts (halides) with 

aluminium (III) chloride [36, 37]. Moreover, in the 1980s, Wilkes and Hussey et al. 

discovered that alkylimidazolium halogenoaluminates have a much larger liquid range 

than alkylpyridinium halogenoaluminates, and these RTILs are more stable in terms 

of reduction of the alkylimidazolium cation. Such RTILs can be categorised as the 

first generation of RTILs, which are hygroscopic, and therefore, their application in 

many fields is limited [38, 39]. However, in 1992, Wilkes and Zaworotko reported 

air- and water-stable RTILs with 1-ethyl-3-methylimidazolium ([EMIM]) as the 

cation and tetrafluoroborate ([BF4]) as the anion [40, 41]. These RTILs are usually 
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hydrophobic and can be regarded as the second generation of RTILs, which was 

followed by an exponential growth of interest in RTILs with thousands of papers 

published annually on various aspects of their chemistry and physics. Nowadays, 

RTILs are commonly defined as those salts composed solely of ions (cations and 

anions) with melting points below 100–150ºC [42, 43]. Therefore, RTILs are 

excellent candidates in electrochemistry from both fundamental and application points 

of view as a consequence of their intrinsic thermophysical, transport and dielectric 

properties, as well as their electrochemical stability, with electrochemical windows 

much higher (up to 6 V, but typically 2–3 V) than aqueous electrolytes [44].  

 

For electrochemical synthesis, the use of RTILs has opened the door to a wide range 

of possibilities. Therefore, the substitution of water or oil by ILs to prepare RTIL 

microemulsions, which have been highly investigated, is proposed as a new 

electrochemical media to synthesise nanoparticles and composites for the first time. It 

is important to appreciate that this possibility could be a new topic in materials 

science, such as nanofabrication, as these RTIL microemulsions may have unknown 

properties and potential applications owing to the unique features of RTILs and 

microemulsions. Han et al. demonstrated that 1-butyl-3-methylimidazolium 

tetrafluoroborate (bmimBF4) could act as polar nanosized droplets dispersed in a 

continuous hydrocarbon solvent, resulting in a droplet structure that takes the same 

shape as classical W/O microemulsions (IL/O, O/IL or bicontinuous structures) [45, 

46]. Later, Gao et al. discovered that hydrophobic ILs, such as 1-butyl-3-

methylimidazolium hexafluorophosphate (bmimPF6), may substitute for organic 

solvents and that they form aqueous RTIL microemulsions with water in the presence 

of surfactant Triton X-100 or Tween 20, which are homologous to the classical O/W 

microemulsions [47 – 49]. Therefore, these aqueous RTIL microemulsions (IL/W, 

W/IL and bicontinuous microemulsions) have potential in the production of metal 

nanomaterials that are used in biological extractions or as solvents for enzymatic 

reactions. Therefore, as RTILs are conductive media, RTIL microemulsions could be 

proposed as a method to synthesise nanostructures by means of electrodeposition.  
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In this section, W/IL microemulsions are proposed as electrochemical templates for 

electro-synthesising magnetic CoPt nanoparticles with tuneable size, composition and 

magnetism (schematically illustrated in Figure 5.7) by controlling the microemulsion 

structure, i.e. the nanoreactor, and electrochemical working conditions (deposition 

potential and deposition charge density). 

 

Figure 5.7: Schematic representation of the electrochemical synthesis of magnetic CoPt 

nanoparticles in W/IL microemulsions.  

Our proposal appeared feasible, but it was important to analyse the solubilisation and 

electrodeposition process of electroactive species, i.e. Co(II) and Pt(IV), in the ionic 

liquid (bmimPF6), as it was a key point to show that droplets of water (nanoreactors) 

dispersed in an ionic liquid continuous media could act as electrochemical templates. 

In this regard, the rapid diffusion of electroactive species to the ionic liquid limits 

their template ability. Therefore, an initial study of the solubilisation and 

electrodeposition of electroactive species in the ionic liquid and surfactant + ionic 

liquid mixture were carried out by cyclic voltammetry and SEM. These experiments 

were important as we wanted electrodeposition only from the aqueous nanodomains. 
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According to the electrodeposition tests and the low solubilisation of the electroactive 

species that can be dissolved in the bmimPF6 (and only after 2 days of solubilisation), 

it seemed acceptable to assume that after the preparation of the W/IL microemulsions, 

the Pt(IV) and Co(II) salts would be present mainly in the aqueous component of the 

microemulsions. Therefore, the CoPt electrodeposition will take place mainly from 

the aqueous component, even if a small amount of Pt(IV) and Co(II) were present in 

the IL component. 

Various W/IL microemulsions were tested, in which the surfactant to IL ratio (RS:IL) 

was maintained, by increasing the percentage of the aqueous component, i.e. by 

increasing the nanoreactor size. Also, the effect of the surfactant to IL ratio, while 

maintaining the percentage of aqueous solution, was analysed. As expected, the 

results (see page 171) demonstrate a higher current density when the aqueous content 

increases due to the lower ohmic resistance of the medium. Moreover, it is remarkable 

that in all the cases, the current density (in chronoamperograms – see page 171) 

decreased at long deposition times and tended asymptotically to zero due to the 

consumption of the electroactive species inside the droplets of the aqueous 

component. Lastly, the electrodeposition from the W/IL microemulsions rendered 

spherical nanoparticles with well-defined sizes, which indicates that droplets of the 

aqueous solutions act as nanoreactors in which the electrochemical reduction takes 

place, thus serving as nanotemplates for the growth of the nanoparticles. The IL 

favours more confined electrodeposition than the oil component in the 

microemulsions. 

In conclusion, the use of W/IL microemulsions, where the W component contains the 

electroactive species, leads to the electrodeposition of well-defined nanoparticles on 

the electrode surface. Furthermore, this proposal permits control of the composition of 

nanoparticles, which accurately replicates the relative proportions of the Co and Pt in 

the aqueous solution of the droplets, confirming once more that the deposition stems 

directly from the aqueous droplets. Therefore, electrodeposition in W/IL 

microemulsions can be proposed as a versatile synthesis approach to grow hcp-CoPt 

alloy nanoparticles of different sizes and compositions in a green, simple and 

inexpensive way. 
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In this section, after demonstrating that it was possible to use microemulsions as 

electrochemical templates for nanoparticle synthesis, we explored the opportunity to 

prepare composites by the simultaneous electrodeposition of electroactive species 

dissolved in both aqueous solution and ionic liquid components (Figure 5.8).  

 

Figure 5.8: Schematic representation of the electrochemical synthesis of magnetic CoPt 

nanoparticles in a Ni matrix in W/IL microemulsions. 

Microemulsions formed by droplets of an aqueous solution containing Co(II) and 

Pt(IV) dispersed in a solution of Ni(II) in an ionic liquid were selected in order to 

deposit both CoPt NPs (as described in the previous section) and a Ni matrix. The 

amount of Ni(II) in the ionic liquid was limited by the solubility of the Ni salt in this 

medium. Our results demonstrated that the resulting deposits were 2D composites 

formed by CoPt NPs of around 85 nm in a Ni matrix. The CoPt deposits from the 

droplets of the aqueous component of the microemulsion, being the percentage of Co 
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and Pt in these NPs equal to the percentage of Co(II) and Pt(IV) in the solution. The 

Ni matrix were deposited from the Ni(II) dissolved in the IL of the microemulsion. It 

is important to note that it was a virtually simultaneous electrodeposition (see the 

chronoamperograms on page 181) as a consequence of the different deposition rates 

from the aqueous droplets or from the ionic liquid, which induce a sequential 

electrodeposition when the system is maintained without stirring. The deposition 

starts with the CoPt NPs formation and, after the depletion of the Co(II) and Pt(IV) in 

the droplets in contact with the electrode, Ni begins to deposit from the IL, thus 

completing the matrix of the 2D composite. Lastly, as expected, the composition of 

the aqueous solution defined the composition of the alloy NPs. Therefore, W/IL 

microemulsions with electroactive species in both components have been 

demonstrated as a powerful strategy to synthesise CoPt – Ni composites.  
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Page 166: Green electrochemical template synthesis of CoPt nanoparticles with 

tunable size, composition, and magnetism from microemulsions using an Ionic 

Liquid (bmimPF6)  

Albert Serrà, Elvira Gómez, José Francisco López-Barbera, Josep Nogués, and Elisa 

Vallés. ACS Nano 8 (2014) 4630. 

 

Page 177: One-step electrodeposition from ionic liquid and water as a new 

method for 2D composite preparation 

A. Serrà, E. Gómez, and E. Vallés. Electrochemistry Communications 46 (2013) 79. 
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N
anoparticles have numerous poten-
tial applications in catalysis,1,2 bio-
logical labeling,3,4 photonics,5,6

optoelectronics,7 integration in micro/
nanoelectromechanical systems,8,9 and in-
formation storage,10,11 among others, due
to their extraordinary physical and chemical
properties. Shape, composition, size, and
size distribution of the nanoparticles are
the key factors that condition their proper-
ties and determine their potentialities.12�14

Therefore, the synthesis of nanoparticles of
customized size and shape has long been a
scientific and technological challenge.15�17

The use of microemulsions is a significant
synthesismethod to prepare homogeneous
and monodisperse small nanoparticles of
metals, metal oxides, and other inorganic
materials.18�22 Classical microemulsions are
systems composed of water (W), oil (O), and

surfactant (S), which are a single thermo-
dynamically stable and optically isotropic
liquid phase.23,24 The most usual synthesis
pathway is performed in water droplets of a
few nanometers, which act as nanoreactors,
stabilized by surfactant in a continuous
oil medium. The nanoreactors limit the size
and size distribution of the synthesized
particles according to the size and size
distribution of the droplets. Nanoparticle
formation results from the reactions in-
itiated by chemical reducing agents,25�28

which are generally rather aggressive. How-
ever, to avoid the use of chemical reducing
agents, the direct reduction of ions in the
aqueous component of the microemul-
sion by electrodeposition has been recently
proposed as an alternative.29�31 Notably,
electrodeposition offers both economic
and environmental benefits because it is

* Address correspondence to
e.valles@ub.edu.

Received for review January 20, 2014
and accepted April 30, 2014.

Published online
10.1021/nn500367q

ABSTRACT Electrodeposition from microemulsions using ionic liquids is

revealed as a green method for synthesizing magnetic alloyed nanoparticles,

avoiding the use of aggressive reducing agents. Microemulsions containing

droplets of aqueous solution (electrolytic solution containing Pt(IV) and Co(II)

ions) in an ionic liquid (bmimPF6) define nanoreactors in which the electrochemical

reduction takes place. Highly crystalline hcp alloyed CoPt nanoparticles, in the

10�120 nm range with a rather narrow size distribution, have been deposited on

a conductive substrate. The relative amount of aqueous solution to ionic liquid

determines the size of the nanoreactors, which serve as nanotemplates for the

growth of the nanoparticles and hence determine their size and distribution. Further, the stoichiometry (PtxCo1�x) of the particles can be tuned by the

composition of the electrolytic solution inside the droplets. The control of the size and composition of the particles allows tailoring the room-temperature

magnetic behavior of the nanoparticles from superparaparamagnetic to hard magnetic (with a coercivity of HC = 4100 Oe) in the as-obtained state.

KEYWORDS: ionic liquid . CoPt nanoparticles . electrodeposition . microemulsions . magnetism
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simple and easily scalable, it implies low setup costs,
and it avoids the use of aggressive chemical reducing
agents. Nevertheless, electrodeposition from micro-
emulsions is limited by the high ohmic resistance of
the dielectric (oil) component in the microemulsion.
In the last decades, ionic liquids (ILs) and deep-

eutectic solvents (DES) have been suggested as inter-
estingmedia for electrodeposition due to their intrinsic
ionic conductivity, low vapor pressure, high dissolution
properties, and wide electrochemical window.32�34

Recently, some studies have reported that ionic liquids
may substitute either water or oil in classical micro-
emulsions.35�37 For example, water-in-ionic liquid
(W/IL) microemulsions can be prepared using ionic
liquids instead of organic solvents in the presence of
an adequate surfactant.38�42 Such novel microemul-
sion systems have both the advantages of ionic liquids
and conventional microemulsions. The advantages of
choosing IL instead of a classical organic solvent are
the higher conductivity of the ionic liquid compared to
an organic solvent, which increases the conductivity of
the microemulsion, allowing significantly higher de-
position rates. Moreover, ionic liquids are considered
green solvents because they are not volatiles with very
low vapor pressure and are noninflammable. Also, the
high viscosity of the ionic liquids can favor the non-
coalescence of the droplets of an aqueous solution.
Here we demonstrate the synthesis of alloyed mag-

netic nanoparticles using water-in-ionic liquid micro-
emulsions by electrodeposition, thus avoiding the use
of reducing reagents. Alloyed CoPt nanoparticles of
different sizes, in the range 10�120 nm, have been
electrochemically synthesized using different W/IL/S
(CoPt aqueous solution/bmimPF6/Triton X-100) micro-
emulsions. The amount of CoPt aqueous solution in the
microemulsion permits the control of the nanoreactor
size, allowing the synthesis of hexagonal-close-packed
(hcp) CoPt nanoparticles of different sizes. Further,
the stoichiometry of the nanoparticles is directly con-
trolled by the Co/Pt ratio in the nanoreactors. The size
and composition of the nanoparticles are shown to
determine their magnetic behavior.

RESULTS AND DISCUSSION

To understand how the solubility of electroactive
species in an ionic liquid (bmimPF6) might affect the
process, electrodeposition tests in this ionic liquid
and in the ionic liquid-surfactant (IL-S) mixture were
performed.

Electrodeposition Test of Cobalt�Platinum in BmimPF6 (IL)
and a BmimPF6 (IL)�Triton X-100 (S) Mixture. Although the
aim was to prepare the CoPt solution in the IL with
the same composition as that in the microemul-
sion, unfortunately we could dissolve the Pt salt (easy
solubilization) and the Co salt (poor solubility) only
in the IL, due to the limited solubility of NH4Cl and
H3BO3 in the bmimPF6. Therefore, the CoPt solution in

IL (IL solution) contains 1.2 mM Na2PtCl6 and 2.5 mM
CoCl2 in bmimPF6, after 2 days of solution in stirring
conditions. The solution containing the nonionic sur-
factant Triton X-100 (IL-S solution) was 59.4 wt %
bmimPF6 (containing 1.2 mM Na2PtCl6 and 2.5 mM
CoCl2, concentrations refer to ionic liquid volume) and
40.6 wt % Triton X-100. The electrodeposition of CoPt
from both solutions was voltammetrically studied on a
Si/Ti/Au electrode at a potential scan rate of 50mV 3 s

�1

under stationary conditions at room temperature (25 �C).
Figure 1a allows detecting different electrochemi-

cal processes on the electrode. The voltamogram was
started at 0.5 V, scanning first to negative potentials:
three reduction processes (RA, RB, and RC) were re-
corded during the negative scan, followed by three
oxidation peaks (OD, OE, and OF) in the positive scan.
Different experiments were performed in order to
assign each one of the peaks.

The oxidation peak OF also appears when the scan
was performed from 0.5 V to positive potentials
(Figure 1a.f1), and it corresponds to the surface oxida-
tion of the Au seed-layer of the substrate. This peak
does not appear when the voltammetry was per-
formed on a vitreous carbon electrode (Figure 1a.f2).
The reduction of the Au surface oxides was observed in
the RG peak.

RA and RB peaks were similar to those observed for
Pt(IV) reduction in other ILs,43 assigned respectively to

Figure 1. Cyclic voltammetry under stationary conditions
at 50 mV 3 s

�1 of (a) 1.2 mM Na2PtCl6 þ 2.5 mM CoCl2 in IL
solution and (b) IL-S system containing 59.4 wt % 1.2 mM
Na2PtCl6 and 2.5 mM CoCl2 in IL solution and 40.6 wt %
Triton X-100.
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Pt(IV) to Pt(II) reduction (RA) and Pt(II) to Pt(0) reduction
(RB). The surface oxidation of the deposited Pt seems to
occur in the OE peak: When the scan was performed
until �0.50 V and held at this potential for 0, 25, and
55 s before scanning in the reverse direction, no
changeswere observed in the peak OE. However, when
the scan was performed up to �1.0 V and held at this
potential 0, 50, and 88 s before scanning in the reverse
direction, peak OE increased (Figure 1a.e1, 88 s, and
Figure 1a.e2, 50 s), revealing increased Pt deposition.
These facts corroborate that the first step of Pt(IV)
reduction occurs during RA and the second one, to
Pt(0), occurs during RB, the oxidation peak OE being the
one corresponding to Pt surface oxidation.

In order to assign the cathodic peak RC and the
anodic one OD, voltammograms from the initial poten-
tial up to �1.75 V were performed; this potential was
held for 0, 50, and 88 s, maintaining stirring during the
hold, and after the potential was scanned to positive
values to analyze the peak OD. The oxidation peak OD

appears in all cases, revealing that Co co-deposits with
Pt during RC with the simultaneous discharge of the
medium.We assign the peakOD to CoPt alloy oxidation
due to the significant increase observed when we

apply the described holding (Figure 1a.d1, 88 s, and
1a.d2, 50 s).

Concerning the CoPt system in the presence of
surfactant (IL-S solution), the current density was smal-
ler than in the ILmedium, indicating a lower deposition
rate due to the adsorption of surfactant on the sub-
strate and the deposit during its formation (Figure 1b).
In addition, surfactant adsorption could introduce
changes in the intrinsic characteristics of the double
layer and other interfacial phenomena, such as di-
electric constant, potential and current density distri-
bution, and interfacial energy, that might modify the
layer growth.44�46 Both cathodic and anodic processes
were identified according the previous strategy used in
the IL medium.

The voltammetric study revealed that it is possible
to deposit CoPt from both types of IL solutions, but at
very negative potentials and with low current densi-
ties. A potential of �1.75 V was necessary to perform
the electrodeposition (Figure 2a), although the in-
volved current density was low (curve A), especially
in the presence of surfactant (curve B). Under these
conditions, from the IL solution, CoPt deposits with
72.6 at. % of Co and 27.4 at. % of Pt composition, and a

Figure 2. Cronoamperometric curves (a) and SEM images (b, c) of theCoPt deposit obtainedat�1.75Von the Si/Ti (15nm)/Au
(100 nm) substrate at 25 �C after circulating (a-A, b) 100mC 3 cm

�2 in a 1.2 mMNa2PtCl6þ 2.5 mM CoCl2 solution in the IL and
(a-B, c) 50 mC 3 cm

�2 in the IL-S system containing 59.4 wt % 1.2 mM Na2PtCl6 and 2.5 mM CoCl2 in IL solution and 40.6 wt %
Triton X-100.
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porous morphology (Figure 2b) was obtained,
although at a very low deposition rate (24 nm 3 h

�1).
From the IL-S system, the deposition was also possible
but at an even lower deposition rate (1.2 nm 3 h

�1),
leading to a quasi-continuous (Figure 2c) morphology
with very small grains. This morphology could be
explained by the capability of surfactants to keep the
interfacial surface tension over the growing electrode
surface. This produces an organized deposition of
adatoms on the proper sites of the surface, producing
a compact deposit, with enhanced adhesion to the
substrate. In this case, the obtained deposits contain
74.9 at. % Co and 25.1 at. % Pt. Therefore, nonsignifi-
cant changes in composition were observed with
respect to the pure IL case.

The electrodeposition tests clearly show that only a
low proportion of the electroactive species (Co(II) and
Pt(IV)) can be dissolved in the bmimPF6 IL (and only
after 2 days of solubilization). The results of the tests
performed with these IL solutions (with and without
surfactant) reveal that deposition of the alloy is possi-
ble but at very negative potentials and with very low
deposition rates, especially in the presence of the
surfactant. Consequently, since after the preparation
of the W/IL microemulsions, the Pt(IV) and Co(II) salts
will be present mainly in the aqueous component of
the microemulsions, we expect that the CoPt electro-
deposition will take place mainly from the aqueous
component, even if a small amount of Pt(IV) and Co(II)
were present in the IL component.

Electrochemical Synthesis of Magnetic CoPt Nanoparticles
in W/IL Microemulsions. In this section, we analyze the
electrochemical synthesis of magnetic CoPt nanopar-
ticles in W/IL microemulsions, illustrated schematically
in Figure 3a. Microemulsions (Table 1) with different
aqueous content, at constant surfactant�ionic liquid
ratio (RS:IL) (microemulsions I, II, and III), and different
surfactant content, at constant aqueous content
(microemulsions I and IV), have been considered to
control the droplet size and ionic conductivity.

Figure 3b,c show cyclic voltamograms of the differ-
ent W/IL microemulsion systems. Notably, in these
W/IL/S systems some differences were observed with
respect to the voltammetric profile in the simple
CoPt-IL solutions (Figure 1). Pt deposition occurs now
during the first wide reduction peak as in pure aqueous
solutions, followed by the reduction of the protons
over the previously deposited Pt and the simultaneous
cobalt deposition. The CoPt alloy oxidation peak
around �0.3 V is detected, after which both Au and
Pt surface oxidation is detected in the second oxidation
peak. Hence, the voltammetric curves show a similar
profile to those detected in the CoPt/aqueous solu-
tion47,48 butwith a lower current density due to the low
proportion of aqueous component. Therefore, these
results confirm that CoPt electrodeposition takes place
in the aqueous component medium rather than from

the IL. Figure 3b (microemulsions I, II, and III) analyzes
the effect of the aqueous content, at constant RS:IL, on
the electrochemical process. The results demonstrate a
higher current density and higher CoPt alloy oxidation
peak (first oxidation peak) when the aqueous content
increases due to the lower ohmic resistance of the
medium (Table 1). Figure 3d (microemulsions I and IV)
shows that different surfactant proportion also affects
the deposition rate.

On the basis of the voltammetry curves, CoPt
deposits were prepared from IL/W microemulsions
at potentials at which Pt and Co co-deposition was
possible. The cronoamperometric curves (Figure 3c
and e) show a different deposition rate for each
microemulsion. Namely, the current density increases
by increasing the percentage of aqueous solution in
the microemulsion (Figure 3c). In all cases, the current
density decreases at long deposition times and tends
asymptotically to zero due to the consumption of the
electroactive species inside the droplets.

TEMmicrographs (Figure 4), after detaching depos-
its from the substrate, show that the electrochemical
process from the W/IL/S microemulsions renders spher-
ical nanoparticles with well-defined sizes. Importantly,
the nanoparticle size increases as the aqueous content
increases, at constant RS:IL, as expected according to
the electrochemical analysis. Namely, microemulsions
I and IV, with 7.4% aqueous solution, render small
particles 14�17 nm in diameter with a rather narrow
particle size distribution, whilemicroemulsions II and III
(with 16% and 26.6% aqueous solution, respectively)
give rise to considerably larger nanoparticles of 40 and
95 nm in size and a somewhat larger particle size
distribution.

High-resolution TEM (HR-TEM) images (Figure 4d2),
with clear lattice fringes demonstrate the good crystal-
line quality of the samples. The fast Fourier transform
of the lattice fringes in the HR-TEM and the selected
area diffraction patterns (see insets in Figure 4c, 4d1)
allow us to identify the structure of the nanoparticles as
a distorted hcp structure.47�49 Note that this CoPt
structure has been obtained in electrochemical CoPt
deposits for Co-rich alloys.47�49 Moreover, some cobalt
oxides (Co3O4) were also detected, as expected from the
surface oxidation of the particles when exposed to air.

The homogeneous sizes obtained from TEM indi-
cate that droplets of the aqueous solutions act as
nanoreactors in which the electrochemical reduction
takes place, thus serving as nanotemplates for the
growth of the nanoparticles. Due to the template
character of the nanoreactors, increasing the amount
of aqueous solution in the ionic liquid increases the
size of these nanoreactors and consequently leads to
larger particles, confirming that the size of the droplets
determines the final size and size distribution of
the particles. In fact, this method presents significant
advantage with respect to chemical synthesis of
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nanoparticles in microemulsions, since it allows con-
trolling the nanoparticle size over a very broad range,
from a few nanometers to over a hundred nanometers.

As can be seen in Table 2, the CoPt deposition rate
was appreciably low (5�150 nm 3 h

�1) with respect to
that in pure CoPt aqueous solution (2760 nm 3 h

�1).

Nevertheless, it is considerably larger than in the IL and
in IL-S media without microemulsions. Thus, the alloy
deposits from the droplets of the aqueous component
due to the low solubility of the electroactive species in
the IL and the extremely lowdeposition rate from the IL
solution in the presence of surfactant. Hence, W/IL/S

Figure 3. (a) Schematic representation of electrochemical synthesis of magnetic CoPt nanoparticles in W/IL microemul-
sions. Cyclic voltammetry under stationary conditions at 50mV 3 s

�1 of (b) microemulsions I, II, and III, and (d)microemulsions
I and IV. Cronoamperometric curves of the CoPt deposit obtained at �1.05 V of (c) microemulsions I, II, and III and (e)
microemulsions I and IV.
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microemulsions offer clear advantages over classical
water-in-oil microemulsions as a soft template for elec-
trodeposition due to the substitution of oil (dielectric)
by a more conductive component (IL) if the electro-
active species present a low solubility in the ILmedium.
Moreover, these W/IL/S microemulsions can be used
as a more efficient alternative to the W/O/S micro-
emulsions proposed for template electrodeposition of

alloys31�33 because their improved conductivity sub-
stantially increases the deposition rate.

Table 2 summarizes the composition of the CoPt
nanoparticles and the effective thickness of the layer
of nanoparticles for microemulsions I�IV at �1.05 V
and for microemulsion III at the different selected
potentials.

It can be seen from Table 2 that the effective
thickness coincides with the particle size obtained
from TEM. This implies that that nanoparticles form
single monolayers of CoPt nanoparticles on the sub-
strate, as evidenced by field-emission scanning elec-
tron microscopy (Figure 4d2).

Remarkably, the CoPt stoichiometry of the nano-
particles remains virtually constant (Co67(1Pt33(1) for
the diverse conditions studied (Table 2). Moreover,
the composition is essentially identical to the relative
atomic percentages of Co(II) and Pt(IV) in the aque-
ous solution component of the microemulsion, i.e.,
67.6 at. % Co and 32.4 at. % Pt. Thus, the stoichiometry

TABLE 1. Considered Microemulsion Systems

microemulsion system RS:IL [W]/wt % conductivitya/μS 3 cm
�1

I 4.1 7.40 335
II 4.1 16.6 625
III 4.1 26.0 1147
IV 0.78 7.40 45

a Note that the conductivities of the pure components, i.e., aqueous solution,
the bmimPF6 ionic liquid, and Triton X-100 surfactant, are 10 840, 275, and
1.57 μS 3 cm

�1, respectively.

Figure 4. Transmission electron micrographs (a, b, c, d), particle size distribution (e.A, e.B, e.C, e.D), high-resolution
transmission electron micrograph (d2), and field-emission electron scanning micrograph (d3) of CoPt deposits prepared
at�1.05 V W/IL microemulsions (a) I, (b) II, (c) III, and (d1) IV. Insets in transmission electron micrograph (c, d) correspond to
representative selected area electron diffraction patterns.
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of the alloyed nanoparticles does not depend on the
amount of aqueous solution or the electrochemical
potential. Accordingly, the composition of the CoPt
nanoparticle accurately replicates the relative propor-
tion of the Co and Pt in the aqueous solution of the
droplets, confirming once more that the deposition
stems directly from the aqueous droplets.

To further confirm the correlation between the
composition of the droplets and the stoichiometry of
the nanoparticles, we have electrodeposited W/IL/S
microemulsions where the composition has been al-
tered by increasing the amount of CoCl2 from 2.5 mM
to 7.5 mM using the conditions of microemulsion IIIa.

As can be seen in Table 3, the composition of the
nanoparticles reliably reproduces that of the aqueous
solution for all the conditions studied. Moreover, the
size of the nanoparticles (not shown) remains virtually
the same for the different compositions. These results
confirm once more that the deposition occurs directly
from the aqueous solution in the nanoreactors and that
no significant contribution from any deposition from
the IL can be observed. Thus, an unprecedented con-
trol not only over the size of the nanoparticles, but also
over the composition can be easily achieved in alloyed
nanoparticles using W/IL/S microemulsions. The meth-
od allows obtaining alloy nanoparticles in a wide range
of sizes in the nanometer range and with an easily
adjusted composition.

As can be seen in Figure 5, the magnetic properties
of the nanoparticles depend strongly on their size. The
small CoPt nanoparticles (17 nm, microemulsion IV)
exhibit a superparamagnetic behavior at room tem-
perature, with vanishing remanence and coercivity.50

Namely, given the small size of the nanoparticles and

the moderate anisotropy of the CoPt alloys in the hcp
structure,51�54 the blocking temperature of the ma-
terial lies below room temperature. On the other hand,
the large particles (90 nm, microemulsion III) show a
hard magnetic behavior with a rather large coercivity,
HC = 4100 Oe, and a remanence-to-saturation ratio,
MR/MS ≈ 0.52. This MR/MS value is the one expected
for noninteracting nanoparticles with uniaxial aniso-
tropywith a randomdistribution of easy axes.55 ThisHC

is consistent with the reported anisotropy of hcp
CoPt films (∼107 erg/cm3)51�54 and in line with HC

values of hcp CoPt films and microstructures of similar
compositions.51�54,56,57 Interestingly, these attractive
magnetic properties are observed in the as-obtained
state, i.e., without the need of any postannealing. This is
in contrast to many hard magnetic alloys where high
temperature treatments are necessary to establish the
hard phase, e.g., L10 FePt.58 Consequently, hcp CoPt
alloys are emerging as an appealing alternative to
other hard magnetic alloys for magnetic recording
or magnetically actuated microelectromechanical sys-
tem (MEMS) applications.51,56,57 Moreover, hard mag-
netic nanoparticles can be interesting for patterned

TABLE 2. Composition, Effective Thickness, and Deposition Rate of the Deposits Obtained through the J�t Transients of
Figure 3

microemulsion system potential/V circulated charge density/mC 3 cm
�2 Pt/at. % Co/at. % effective thickness/nm deposition rate/nm 3 h

�1

I �1.05 100 32.5 67.5 15 18
II �1.05 200 33.5 66.5 40 45
IIIa �1.05 600 31.7 68.3 98 101
IV �1.05 100 34.1 65.9 18 5
IIIa �1.05 600 31.7 68.3 98 101
IIIb �1.10 600 31.8 68.2 98 130
IIIc �1.15 600 33.5 66.5 95 150

TABLE 3. Composition of the Aqueous Solution and the

Nanoparticles for Different CoCl2/Na2PtCl6 Ratios in the

Solution

composition of the aqueous solution composition of the nanoparticles

67.6 at. % Co Co66.5Pt33.5
32.4 at. % Pt
79.9 at. % Co Co80.6Pt19.4
20.1 at. % Pt
86.2 at. % Co Co87.5Pt12.5
13.8 at. % Pt

Figure 5. Room-temperature in-plane hysteresis loop of
CoPt nanoparticles obtained in microemulsions (a) IV and
(b) III.
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recording media or as building blocks for permanent
magnets.58,59

CONCLUSIONS

Electrochemical reduction fromwater-in-ionic liquid
microemulsions is established as a very versatile syn-
thesis approach to grow alloy nanoparticles of different
sizes and compositions in a green, simple, inexpensive
way. The advantage of the process relies on (i) the drop-
lets of aqueous solution in themicroemulsions acting as
nanotemplates for nanoparticle growth, which allows
the reliable control over sizes and compositions, and (ii)

the higher conductivity of the ionic liquid over other
electrochemical media, which leads to reasonable
deposition rates. The method allows preparing hcp
Co1�xPtx nanoparticles over a broad size range,
10�120 nm, with tunable compositions (Co 66�88
at. %�Pt 33�12 at. %) on conductive substrates, by
controlling the proportion and composition of the
aqueous component, containing Pt and Co ions, in
the microemulsion. The size and the hcp character of
the nanoparticles leads to varying magnetic behaviors
ranging from superparamagnetism to hardmagnetism
with moderately large coercivities.

METHODS

Microemulsion Preparation and Materials. The ionic liquid micro-
emulsion was prepared by mixing an aqueous component (W),
Triton X-100 (S), and bmimPF6 (IL) in different proportions.41,42

The mixture was sonicated for 5 min under argon bubbling,
leading to transparent and stable microemulsions: Nonionic
surfactant (S) (p-octyl poly(ethylene glycol) phenyl ether aka
Triton X-100, Acros Organics, 98%); Ionic liquid (IL) (1-butyl-3-
methylimidazolium hexafluorophosphate aka bmimPF6, Arcos
Organics, >98%); Co�Pt aqueous solution (W). The aqueous
solution contains 2.5 mM CoCl2, 1.2 mM Na2PtCl6, 0.1 M NH4Cl,
10 g 3dm

�3 H3BO3 at a pH adjusted to pH = 4.5 with NaOH
solutions. Reagents used were Co(II) chloride (Carlo Erba, >
98.0%), sodium hexachloroplatinate(IV) hexahydrate (Aldrich,
98%), ammonium chloride (Fluka, > 99.5%), boric acid (Merck,
99.8%), and deionized water (Millipore Q-System) with a resis-
tivity of 18.2 MΩ 3 cm

�1.
Electrochemical Study and Characterization. The electrochemical

study of the deposition process was performed at room tem-
perature (25 �C) using a three-electrode electrochemical system
with Si/Ti (15 nm)/Au (100 nm) substrates (0.5 cm � 0.5 cm),
Pt spiral, and Ag/AgCl/1 M KCl as working, counter, and
reference electrodes, respectively. A microcomputer-controlled
potentiostat/galvanostat Autolab with PGSTAT30 equipment
and GPES software was used. The system was deaerated before
each experiment by argon bubbling. Importantly, none of the
systems were stirred during the electrodeposition process to
maintain the structure of the microemulsion during the deposi-
tion process.

The morphology and structure of the deposited CoPt
nanoparticles were examined by using transmission electron
microscopy (Hitachi 800 MT and JEOL 2100). For the TEM
analysis it is essential to release the nanostructures from the
substrate. This was achieved by removing the Au layer using a
saturated I2/I

� solution. The nanostructures were later retained
by an external magnetic field, washed with water and ethanol,
and deposited on carbon grids. Elemental composition and
effective thickness were measured using an electron probe
microanalysis by wavelength-dispersive X-ray spectroscopy
analysis equipped with Camera SX-50 equipment.

The magnetic characterization of the deposits was carried
out by using a superconducting quantum interference device
(SQUID) magnetometer (Quantum Design MPMS-XL). Hyster-
esis loops, with a maximum applied field of 7 T, were measured
at room temperature with the field applied in the film plane.
Note that a diamagnetic linear background, corresponding to
the substrate and buffer layers, has been subtracted from the
data.

Conflict of Interest: The authors declare no competing
financial interest.

Acknowledgment. This work was supported by contracts
CQT2010-20726 and MAT2010-20616-C02 from MINECO
and project 2009-SGR-1292 from the Generalitat de Catalunya.

The authors wish to thank the Centres Científics i Tecnològics de
la Universitat de Barcelona (CCiTUB) for allowing us to use their
equipment. Substrates have been prepared in IMB-CNM (CSIC),
supported by the (CSIC) NGG-258 project. A.S. would also like to
thank the Ministerio de Educación, Cultura y Deporte, for its
financial support (FPU grant).

REFERENCES AND NOTES
1. Haruta, M.; Daté, M. Advances in the Catalysis of Au

Nanoparticles. Appl. Catal. A: Gen. 2001, 222, 427–437.
2. Astruc, D.; Lu, F.; Aranzaes, J. R. Nanoparticles as Recyclable

Catalysts: The Frontier between Homogeneous and Het-
erogeneous Catalysis. Angew. Chem., Int. Ed. 2005, 44,
7852–7872.

3. Wang, F.; Banerjee, D.; Liu, Y.; Chen, X.; Liu, X. Up Conver-
sion Nanoparticles in Biological Labeling, Imaging, and
Therapy. Analyst 2010, 135, 1839–1854.

4. Pan, Y.; Shan, W.; Fang, H.; Guo, M.; Nie, Z.; Huang, Y.; Yao, S.
Sensitive and Visible Detection of Apoptotic Cells on
Annexin-V Modified Substrate Using Aminophenylboronic
Acid Modified Gold Nanoparticles (APBA-GNPs) Labeling.
Biosens. Bioelectron. 2013, 52C, 62–68.

5. Roy, I.; Ohulchanskyy, T. Y.; Pudavar, H. E.; Bergey, E. J.;
Oseroff, A. R.; Morgan, J.; Dougherty, T. J.; Prasad, P. N.
Ceramic-Based Nanoparticles Entrapping Water-Insoluble
Photosensitizing Anticancer Drugs: A Novel Drug-Carrier
System for Photodynamic Therapy. J. Am. Chem. Soc. 2003,
125, 7860–7865.

6. Jin, Y.; Wang, J.; Sun, B.; Blakesley, J. C.; Greenham, N. C.
Solution-Processed Ultraviolet Photodetectors Based on
Colloidal ZnONanoparticles.NanoLett.2008, 8, 1649–1653.

7. Choi, H.; Ko, S.-J.; Choi, Y.; Joo, P.; Kim, T.; Lee, B. R.; Jung,
J.-W.; Choi, H. J.; Cha, M.; Jeong, J.-R.; et al. Versatile Sur-
face Plasmon Resonance of Carbon-Dot-Supported Silver
Nanoparticles in Polymer Optoelectronic Devices. Nat.
Photonics 2013, 7, 732–738.

8. Liu, Y.; Sun, X.; Wang, S.; Xie, M.; Chen, A.; Long, R.
Preparation of Nanoparticles Embedded Microcapsules
(NEMs) and Their Application in Drug Release. Mater. Lett.
2012, 75, 48–50.

9. Katz, E.; Willner, I. Integrated Nanoparticle�Biomolecule
Hybrid Systems: Synthesis, Properties, and Applications.
Angew. Chem., Int. Ed. 2004, 43, 6042–6108.

10. Katz, E.; Willner, I. A Quinone-Functionalized Electrode in
Conjunction with Hydrophobic Magnetic Nanoparticles
Acts as a ''Write�Read�Erase'' Information Storage Sys-
tem. Chem. Commun. (Cambridge, U.K.). 2005, 5641–5643.

11. Lee, J.-S.; Kim, Y.-M.; Kwon, J.-H.; Sim, J. S.; Shin, H.; Sohn,
B.-H.; Jia, Q. Multilevel Data Storage Memory Devices
Based on the Controlled Capacitive Coupling of Trapped
Electrons. Adv. Mater. 2011, 23, 2064–2068.

12. Ahmadi, T.; Wang, Z.; Green, T.; Henglein, A.; El-Sayed, M.
Shape-Controlled Synthesis of Colloidal Platinum Nano-
particles. Science 1996, 272, 1924–1926.

A
RTIC

LE



SERRÀ ET AL . VOL. 8 ’ NO. 5 ’ 4630–4639 ’ 2014

www.acsnano.org

4638

13. Mock, J. J.; Barbic, M.; Smith, D. R.; Schultz, D. A.; Schultz, S.
Shape Effects in Plasmon Resonance of Individual Colloidal
Silver Nanoparticles. J. Chem. Phys. 2002, 116, 6755–6759.

14. Chithrani, B. D.; Chan, W. C. W. Elucidating the Mechanism
of Cellular Uptake and Removal of Protein-Coated Gold
Nanoparticles of Different Sizes and Shapes. Nano Lett.
2007, 7, 1542–1550.

15. Bajaj, G.; Soni, R. K. Effect of Liquid Medium on Size
and Shape of Nanoparticles Prepared by Pulsed Laser
Ablation of Tin. Appl. Phys. A: Mater. Sci. Process. 2009,
97, 481–487.

16. Ning, J.; Men, K.; Xiao, G.; Wang, L.; Dai, Q.; Zou, B.; Liu, B.;
Zou, G. Facile Synthesis of IV�VI SnS Nanocrystals with
Shape and Size Control: Nanoparticles, Nanoflowers and
Amorphous Nanosheets. Nanoscale 2010, 2, 1699–1703.

17. Powers, K. W.; Palazuelos, M.; Moudgil, B. M.; Roberts, S. M.
Characterization of the Size, Shape, and State of Disper-
sion of Nanoparticles for Toxicological Studies. Nanotox-
icology 2007, 1, 42–51.

18. Wu, M.-L.; Chen, D.-H.; Huang, T.-C. Preparation of Pd/Pt
Bimetallic Nanoparticles in Water/AOT/Isooctane Micro-
emulsions. J. Colloid Interface Sci. 2001, 243, 102–108.

19. Santra, S.; Tapec, R.; Theodoropoulou, N.; Dobson, J.;
Hebard, A.; Tan, W. Synthesis and Characterization of
Silica-Coated Iron Oxide Nanoparticles in Microemulsion:
The Effect of Nonionic Surfactants. Langmuir 2001, 17,
2900–2906.

20. Zarur, A.; Ying, J. Reverse Microemulsion Synthesis of
Nanostructured Complex Oxides for Catalytic Combus-
tion. Nature 2000, 403, 65–67.

21. Mojahedian, M. M.; Daneshamouz, S.; Samani, S. M.;
Zargaran, A. A Novel Method to Produce Solid Lipid
Nanoparticles Using N-butanol as an Additional Co-
Surfactant According to the O/W Microemulsion Quench-
ing Technique. Chem. Phys. Lipids 2013, 174, 32–38.

22. Capek, I. Preparation of Metal Nanoparticles in Water-in-
Oil (w/o) Microemulsions. Adv. Colloid Interface Sci. 2004,
110, 49–74.

23. Sjiiblom, J.; Lindbergh, R.; Fribergc, S. E. Microemulsions-
Phase Equilibria Characterization, Structures, Applications
and Chemical Reactions. Adv. Colloid Interface Sci. 1996,
95, 125–287.

24. Chen, D.; Wu, S. Synthesis of Nickel Nanoparticles in
Water-in-Oil Microemulsions. Chem. Mater. 2000, 13, 1354–
1360.

25. Kitchens, C. L.; McLeod, M. C.; Roberts, C. B. Chloride Ion
Effects on Synthesis and Directed Assembly of Copper
Nanoparticles in Liquid and Compressed Alkane Micro-
emulsions. Langmuir 2005, 21, 5166–5173.

26. Teo, B. M.; Ashokkumar, M.; Grieser, F. Microemulsion
Polymerizations via High-Frequency Ultrasound Irradia-
tion. J. Phys. Chem. B 2008, 112, 5265–5267.

27. Najjar, R.; Stubenrauch, C. Phase Diagrams of Microemul-
sions Containing Reducing Agents and Metal Salts as
Bases for the Synthesis of Metallic Nanoparticles. J. Colloid
Interface Sci. 2009, 331, 214–220.

28. Note, C.; Kosmella, S.; Koetz, J. Poly(ethyleneimine) as
Reducing and Stabilizing Agent for the Formation of Gold
Nanoparticles in W/O Microemulsions. Colloids Surf. A
Physicochem. Eng. Asp. 2006, 290, 150–156.

29. Serrà, A.; Gómez, E.; Calderó, G.; Esquena, J.; Solans, C.;
Vallés, E. Microemulsions for Obtaining Nanostructures
byMeans of ElectrodepositionMethod. Electrochem. Com-
mun. 2013, 27, 14–18.

30. Serrà, A.; Gómez, E.; Calderó, G.; Esquena, J.; Solans, C.;
Vallés, E. Conductive Microemulsions for Template CoNi
Electrodeposition. Phys. Chem. Chem. Phys. 2013, 15, 14653–
14659.

31. Ganesh, V.; Lakshminarayanan, V. Microemulsion Phase as
a Medium for Electrodeposition of Nickel and Electron-
Transfer Study of Ferrocyanide�Ferricyanide Redox Sys-
tem. J. Colloid Interface Sci. 2010, 349, 300–306.

32. Endres, F. Ionic Liquids: Solvents for the Electrodeposition
of Metals and Semiconductors. ChemPhysChem 2002, 3,
144–154.

33. Abbott, A. P.; McKenzie, K. J. Application of Ionic Liquids to
the Electrodeposition of Metals. Phys. Chem. Chem. Phys.
2006, 8, 4265–4279.

34. He, P.; Liu, H.; Li, Z.; Li, J. Electrodeposition of Platinum
in Room-Temperature Ionic Liquids and Electrocatalytic
Effect on Electro-oxidation of Methanol. J. Electrochem.
Soc. 2005, 152, E146–E153.

35. Eastoe, J.; Gold, S.; Rogers, S. E.; Paul, A.; Welton, T.; Heenan,
R. K.; Grillo, I. Ionic Liquid-in-Oil Microemulsions. J. Am.
Chem. Soc. 2005, 127, 7302–7303.

36. Gao, H.; Li, J.; Han, B.; Chen, W.; Zhang, J.; Zhang, R.; Yan, D.
Microemulsions with Ionic Liquid Polar Domains. Phys.
Chem. Chem. Phys. 2004, 6, 2914–2916.

37. Yan, F.; Texter, J. Surfactant Ionic Liquid-Based Microemul-
sions for Polymerization. Chem. Commun. 2006, 2696–2698.

38. Fu, C.; Zhou, H.; Xie, D.; Sun, L.; Yin, Y.; Chen, J.; Kuang, Y.
Electrodeposition of Gold Nanoparticles from Ionic Liquid
Microemulsion. Colloid Polym. Sci. 2010, 288, 1097–1103.

39. Fu, C.; Zhou, H.; Peng, W.; Chen, J.; Kuang, Y. Comparison of
Electrodeposition of Silver in Ionic Liquid Microemulsions.
Electrochem. Commun. 2008, 10, 806–809.

40. Gao, Y.; Wang, S.; Zheng, L.; Han, S.; Zhang, X.; Lu, D.; Yu, L.;
Ji, Y.; Zhang, G. Microregion Detection of Ionic Liquid
Microemulsions. J. Colloid Interface Sci. 2006, 301, 612–616.

41. Gao, Y.; Han, S.; Han, B.; Li, G.; Shen, D.; Li, Z.; Du, J.; Hou, W.;
Zhang, G. TX-100/Water/1-Butyl-3-methylimidazolium
Hexafluorophosphate Microemulsions. Langmuir 2005,
21, 5681–5684.

42. Li, N.; Gao, Y.; Zheng, L.; Zhang, J.; Yu, L.; Li, X. Studies on the
Micropolarities of bmimBF4/TX-100/Toluene Ionic Liquid
Microemulsions and Their Behaviors Characterized by
UV-Visible Spectroscopy. Langmuir 2007, 23, 1091–1097.

43. Gómez, E.; Vallés, E. Platinum Electrodeposition in an Ionic
Liquid Analogue. Solvent Stability Monitoring. Int. J. Elec-
trochem. Sci. 2013, 8, 1443–1458.

44. Luo, B.; Li, X.; Li, X.; Xue, L.; Li, S.; Li, X. Copper Nanocubes
and Nanostructured Cuprous Oxide Prepared by Surfac-
tant-Assisted Electrochemical Deposition. CrystEngComm
2013, 15, 5654–5659.

45. Guo, C.; Zuo, Y.; Zhao, X.; Zhao, J.; Xiong, J. Effects of
Surfactants on Electrodeposition of Nickel-Carbon Nano-
tubes Composite Coatings. Surf. Coat. Technol. 2008, 202,
3385–3390.

46. Chen, L.; Wang, L.; Zeng, Z.; Zhang, J. Effect of Surfactant on
the Electrodeposition and Wear Resistance of Ni�Al2O3

Composite Coatings. Mater. Sci. Eng., A 2006, 434, 319–
325.

47. Cortés, M.; Serrà, A.; Gómez, E.; Vallés, E. CoPt Nanoscale
Structures with Different Geometry Prepared by Electro-
deposition for Modulation of Their Magnetic Properties.
Electrochim. Acta 2011, 56, 8232–8238.

48. Grau, S.; Montiel, M.; Gómez, E.; Vallés, E. Ternary PtCoNi
Functional Films Prepared by Electrodeposition: Magnetic
and Electrocatalytic Properties. Electrochim. Acta 2013,
109, 187–194.

49. Cortés, M.; Gómez, E.; Vallés, E. Magnetic Properties of
Nanocrystalline CoPt Electrodeposited Films. Influence of
P Incorporation. J. Solid State Electrochem. 2010, 14, 2225–
2233.

50. Knobel, M.; Nunes, W. C.; Socolovsky, L. M.; De Biasi, E.;
Vargas, J. M.; Denardin, J. C. Superparamagnetism and
Other Magnetic Features in Granular Materials: A Review
on Ideal and Real Systems. J. Nanosci. Nanotechnol. 2008,
8, 2836–2857.

51. Nozawa, N.; Siato, S.; Hinata, S.; Takahashi, M. Large Uni-
axial Magnetocrystalline Anisotropy for Co50Pt50 Disor-
dered Alloy Films with Hexagonal-Close-Packed Stacking
Structure by Substituting Pt with Rh. J. Phys. D 2013, 46,
172001–172006.

52. Bolzoni, F.; Leccabue, F.; Panizzieri, R.; Pareti, L. Magneto-
crystalline Anisotropy and Phase Transformation in Co-Pt
Alloy. IEEE Trans. Magn. 1984, 20, 1625–1627.

53. Pattanaik, G.; Zangari, G.; Weston, J. Perpendicular Aniso-
tropy in Electrodeposited, Co-Rich Co-Pt Films by Use of
Ru Underlayers. Appl. Phys. Lett. 2006, 89, 112506–112509.

A
RTIC

LE



SERRÀ ET AL . VOL. 8 ’ NO. 5 ’ 4630–4639 ’ 2014

www.acsnano.org

4639

54. Zana, I.; Zangari, G.Magnetic Properties of Electrodeposited
Co-Pt Thin Films with Very High Perpendicular Magnetic
Anisotropy. J. Magn. Magn. Mater. 2004, 272�276, 1698–
1699.

55. Stoner, E. C.; Wohlfarth, E. P. Philos. Trans. R. Soc. London
Ser. A 1948, 240, 599–642.

56. Zana, I.; Zangari, G.; Park, J. W.; Allen, M. G. Electrodepos-
ited Co-PtMicron-SizeMagnets with Strong Perpendicular
Magnetic Anisotropy for MEMS Applications. J. Magn.
Magn. Mater. 2004, 272�276, e1775–e1776.

57. Wang, N. G.; Arnold, D. P. Thick Electroplated Co-Rich
Co�Pt Micromagnet Arrays for Magnetic MEMS. IEEE
Trans. Magn. 2008, 44, 3969–3972.

58. Poudyal, N.; Liu, J. P. Advances in Nanostructured Perma-
nent Magnets Research. J. Phys. D 2013, 46, 043001–
043024.

59. Terris, B. D.; Thomson, T. Nanofabricated and Self-Assembled
Magnetic Structures as Data Storage Media. J. Phys. D 2005,
38, R199–R222.

A
RTIC

LE



Microemulsions as Electrochemical Templates to Synthesise  

Metallic Nanostructures 

 

 

- 177 - 

 

 

 

 

 

 

 

 

 

 

 

 

 



S

O
f

A
G

a

A
R
R
A
A

K
El
C
W
El
N

1

n
a
tr
sy
a
a
w
d
u
w
sy
d
li
p
m
in
u

p
se
it
y
p

Electrochemistry Communications 46 (2014) 79–83

h
1

Contents lists available at ScienceDirect
Electrochemistry Communications
hort communication

j ourna l homepage: www.e lsev ie r .com/ locate /e lecom
ne-step electrodeposition from ionic liquid and water as a newmethod
or 2D composite preparation
a b s t

A new ele
metal (or
has been
ionic liqu
electrolyt
from the
consume
begins to

ttp://dx.doi.org/10.1016/j.elecom.2014.06.017
388-2481/© 2014 Elsevier B.V. All rights reserved.
tecnologia (IN2UB), Universitat de Barcelona, Martí i Franquès 1, 08028 Barcelona, Spain
. Serrà, E. Gómez, E. Vallés ⁎
e-CPN, Departament de Química Física, Institut de Nanociència i Nano
r t i c l e i n f o

rticle history:
eceived 6 May 2014
eceived in revised form 16 June 2014
ccepted 17 June 2014
vailable online 23 June 2014

eywords:
ectrochemical synthesis
omposites
ater-in-ionic liquid microemulsions
r a c t

ctrochemical method for preparing, in a one-step operation, thin layers of composites with matrix of
alloy) and particles of metal (or alloy), has been developed. A thin CoPt-NPs/Ni-matrix composite
obtained using two simultaneous electrodeposition processes in microemulsions of water droplets in
id. Water droplets contained the CoPt electrolytic bath, whereas the ionic liquid contained the nickel
ic bath. The application of a sufficient negative potential leads to the deposition of CoPt nanoparticles
confined aqueous droplets. When the Ni(II) and PtCl6

2− in the drops in contact with the substrate are
d, a layer of CoPt nanoparticles has been formed. Afterwards, the Ni(II) contained in the ionic liquid
deposit around and between CoPt nanoparticles, and a composite thin layer is obtained. The Co/Pt ratio
noparticles corresponds to the Co(II)/Pt(IV) ratio in the aqueous droplets. The chronoamperometric
ectrodeposition
anostructures

in the na
curves allow
 detecting the different steps of the formation of the composite thin-layer.
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. Introduction

Microemulsions have proved to be a useful strategy to synthesize
anostructured materials (nanowires, nanoparticles) using reducing
gents [1,2]. Recently, some authors reported the possibility to use elec-
ochemical reduction techniques frommicroemulsions as an alternative
nthesis pathway for preparation of nanostructures [3,4], because they
re versatile, environmentally friendly (without aggressive reducing
gents), simple and inexpensive. However, microemulsions containing
ater, oil and surfactant present low conductivity, whichmakes electro-
eposition difficult. Recently, novel microemulsions based on ionic liq-
ids (water-in-ionic liquid (W/IL), bicontinuous (D) or ionic liquid-in-
ater (IL/W) microemulsions) have been proposed for nanomaterial
nthesis, polymerization reactions, carriers for topical and transdermal
rug delivery, due to the combination of both the advantages of ionic
quids (intrinsic ionic conductivity, low vapor pressure, high dissolution
roperties and wide electrochemical window) and conventional
icroemulsions [5–7]. These microemulsions containing ionic liquids
stead of oil components have more conductivity and they could be
seful to electrochemical synthesis of nanostructured materials.
Composites, due to their performance and capability to tailor the

roperties of materials, have attracted research attention in catalysis,
nsors, biomedicine andmagnetism, given their extraordinary capabil-
y to modify and modulate the properties of materials [8]. In the last
ears, different synthesis pathways have been studied to search easy
rocesses for the preparation of composites [9].
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f this work is the development of a new strategy for fabri-
posites with metal or alloy nanoparticles in a metal (or

, using a one-step procedure based on the electrodeposition
ops of aqueous solution and the ionic liquid solution of a
mulsion. This proposal is a new way to prepare metallic
e test the synthesis of CoPt nanoparticles–Nimatrix com-

W/IL/S microemulsions, beingW a CoPt aqueous solution,
of Ni in ionic liquid (bmimPF6) and S a surfactant (Triton
ize of the particles can be controlled by the size of the aque-
roplets or nanoreactors. The stoichiometry of the particles
lled by the Co(II)/Pt(IV) ratio in the aqueous droplets.

tal

Smicroemulsion was prepared at 25 °C following a proce-
d in the literature [7] in which mixing 26.0 wt.% of water,
bmimPF6 (IL) and 59.5 wt.% of Triton X-100, water in ionic
microemulsion was formed. This microemulsion was de-
nometric micelles of water with surfactant dispersed in
id. In the present work we substitute pure water for CoPt
mM CoCl2, 1.2 mM Na2PtCl6, 0.1 M NH4Cl, 10 g·dm−3

4.5) and pure bmimPF6 by a nickel in bmimPF6 solution
2 in bmimPF6). The dissolution of the nickel (II) in the IL
inarily slow and it required 170 h to attain the 15 mM
ueous solution, IL solution and surfactant were stirred
00 rpm, under argon bubbling, leading to a transparent
icroemulsion. The objective was to obtain a W/IL/S
on with small droplets of the CoPt aqueous solution in
us Ni(II) in ionic liquid component) (Fig. 1, to).
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Some experiments were performed in similar microemulsions
hich contain together the three electroactive species (Pt, Ni and Co)
ither in the W aqueous drops or in the IL medium.
The electrochemical experiments were carried out at 25 °C using a

otentiostat/galvanostat Autolab PGSTAT30 with GPES software, and a
ellwith three electrodes (Ag/AgCl/KCl 3Mas reference, platinum spiral
s counter and Si/Ti (150 Å)/Au (1000 Å) substrates as working elec-
rodes). Argon flow was used before each experiment, maintaining
rgon atmosphere during the study.
The morphology of deposits was examined by means of a Field

mission Scanning Electron Microscopy FE-SEM (Hitachi H-4100 FE).
-ray Fluorescence Fiche scope system XDAL with DCM 3D optical
mage profiler software was used to determine the elemental composi-
ion of the deposits.

. Results and discussion

The scheme proposed for the electrochemical synthesis of CoPt NPs–
i matrix composites in a one-step procedure from the W/IL/S
icroemulsion is shown in Fig. 1. CoPt NPs (blue color in t1–t ) should
eposit from the droplets containing the CoPt aqueous solution (yellow
olor), whereas Ni (gray color) should deposit from the solution of nick-
l (II) in ionic liquid, the continuous component of the microemulsion
green color).

The voltammetric response of the CoPt deposition in aqueous
olution was previously described [6], but we have performed a
oltammetric study of the nickel deposition process from the Ni (II)
n IL solution to test the possible nickel electrodeposition from this
edium and to analyze the voltammetric profile of the microemul-
ion. The red line in Fig. 2a (curve 2) and Fig. 2b (curve 1) corresponds
o the voltammetric profile of the Ni(II) in IL solution, involving low
urrent densities. Nickel deposits since−0.6 V and a current of nickel
xidation was detected in the−0.1 to 0.4 V range, before the superfi-
ial oxidation of gold substrate. The reduction of the superficial gold
xides was detected at around 0.4 V. When a hold of potential of 60 s
as performed at −1.2 V, in non-stirring conditions, current density

electroac
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From
process f
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microem
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obtained
will allow

0 A. Serrà et al. / Electrochemistry Communication
ell during the hold (Fig. 2b, curve 3), due to the depletion of the of possible c

Fig. 1. Schematic representation of the proposed electro
species around the electrode, favored by the high viscos-
dium and the slow transport trough the IL. Stirring during
tains the current density, due to the convection process, and
idation peak slightly increases (Fig. 2b.2). From this study,
position of nickel in the ionic liquid solution was possible,
eposition rates. Fine-grained continuous nickel deposits
d at−1050 mV only after long deposition times (Fig. 2d).
ammetric profile corresponding to the microemulsion
e 1 and 2c, curve 1) shows higher current densities than
IL process. The profile changed as a consequence of the
tion from the droplets of the CoPt aqueous solution. The
idation peak was detected at around −0.3 V, followed by
u surface oxidation (second oxidation peak). The compar-

wo curves (Fig. 2a) reveals the predominance of the CoPt
rocess from the aqueous droplets with respect to the nickel
rocess from the IL. When hold experiments were per-
1.2 V without stirring, a gradual fall of the current density
d, due to the depletion of the electroactive species and the
mption of the Co(II) and Pt(IV) in the droplets near the
ig. 2c, curve 3); the amount of deposited CoPt alloy
it was observed during the anodic scan, with respect to
scan. When stirring (200 rpm) was applied during the
ic fall in current density was observed (Fig. 2c, curve 2),
e value of the current density of that observed for Ni depo-
c liquid. Therefore, the stirring of the system removes the
plets over the electrode and mainly nickel electrodeposi-
e ionic liquid occurs. As a consequence, an increase of the
n peak was not detected.
voltammetric study, it seems that the CoPt deposition
the aqueous droplets dominates with respect to the nickel
rocess from the ionic liquid solution, because this last is a
ocess. We analyzed the potentiostatic deposition from the
on at −1050 mV (Fig. 3a), by characterizing the deposits
er different deposition times. The correlation between the
posits and the different zones of the potentiostatic curve
e interpretation of the deposition process and the detection

(2014) 79–83
omposite’s formation

chemical synthesis.



Three differentiated stages are observed in the potentiostatic curve
(Fig. 3), as it has been proposed in the growth mechanism described
in

•

electrode. The Pt:Co atomic ratio (RPt:Co) of the CoPt NPs is identical
to the ratio of the Pt(IV) and Co(II) atomic percentages in the aqueous

(3
eem
uas
s dr
s de

Fig. 2.Cyclic voltammograms of (a)W/ILmicroemulsion (1) andNi in IL (2) under stationary conditions; (b)Ni in IL, and (c)microemulsion,with andwithout stirringduring a hold of 60 s
at−1.2 V. (d) Potentiostatic transient at−1050 mV of 15 mM Ni(II) in IL (0 rpm) and FE-SEMmicrograph of the obtained deposit.
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Fig. 1:

The first stage (zone I) (time t1 in Fig. 1) corresponds mainly to the
formation of CoPt nanoparticles (only a 5 wt.% of Ni was detected)
by deposition inside the aqueous droplets in contact with the

solution
fore, it s
to the q
aqueou
nickel i
2 at.% of Pt and 68 at.% of Co) of themicroemulsion. There-
s that during this stage, the reduction current corresponds
i total reduction of the Co(II) and Pt(IV) contained in the
oplets on the electrode, whereas only a small amount of
posited. The Pt(IV):Co(II) ratio in the droplets determines
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Fig. 3. (a) Potentiostatic transient at −1050 mV of the W/IL microemulsion studied (W: CoPt solution in water, IL: Ni solution in bmimPF6), and FE-SEM micrographs of deposits at
different times (bar scale: 100 nm). (b) Potentiostatic transients at −1050 mV of (1) W/IL with W: pure water and IL: NiCoPt solution in bmimPF6, (2) W/IL with W: NiCoPt solution
in water and IL: pure bmimPF6.

82 A. Serrà et al. / Electrochemistry Communications 46 (2014) 79–83
the stoichiometry of the CoPt nanoparticles, as it has been previously
detected in absence of salts dissolved in the bmimPF6 [6].
In zone II (time t2 in Fig. 1), the FE-SEMmicrograph and the elemental
analysis show that the increase in the current density corresponds to
the growth of a Ni deposit around and between the previously depos-
ited CoPt NPs, because only the Ni percentage in the deposit increases.
The Pt:Co ratio in the deposit remains constant. When the deposition
of the CoPt NPs has practically finished, by consuming Co(II) and
Pt(IV) in the aqueous droplets, the nickel begins to deposit from the
bmimPF6 solution. The current density of the nickel deposition is
greater than that detected at the same potential for nickel deposition
in the pure Ni(II) in IL solution, due to the significant increase of the
superficial area after the CoPt NP formation.
During the proposed final stage (t∞ in Fig. 1, zone III in Fig. 3a), the
nickel continues depositing, thus completing the formation of the
CoPt NPs–Ni matrix composite. However, the depletion of the Ni(II)
around the electrode and the slow transport of the Ni(II) in the IL so-
lution, explain the decrease of the current density after themaximum
of the curve. The percentage of nickel increases and the Pt:Co ratio
remains constant. The deposits at this time correspond to metallic
CoPt NPs–Ni matrix composite.

In ord
of CoPt fr
transient

• W/IL m
1.2 mM
dissolv
surfact
current
drops o
Pt, 14 a
the aqu
sumpti
Fig. 3a,
after di
not occ
insignifi

• W/IL m
NiCl2,
bmimP
(Fig. 3b
o corroborate the described proposal (separate deposition
the aqueous drops and Ni from the IL), we compare the j-t
rresponding to the deposition from:

emulsion where all the salts (15 mM NiCl2, 2.5 mM CoCl2,
a2PtCl6, 0.1 M NH4Cl, 10 g·dm−3 H3BO3, pH = 4.5) are
nitially in the water component and pure ionic liquid and
are used. In this case (Fig. 3b curve 1), the j-t falls to zero
en the metals are consumed in the interior of the aqueous
the substrate. The elemental composition of theNPs (8 at.%
Co i 78 at.% Ni) corresponds to the Pt:Co:Ni proportion in
s drops (7 at.% Pt, 13 wt.% Co i 80 at.% Ni). After this con-
current does not increase, unlike it occurs in curve of
ause they are not any salts dissolved in the IL. Therefore,
lving all the salts in the water, deposition from the IL does
this demonstrates that transport of the salts to the IL is
t after several hours.
oemulsion where Pt(IV), Co(II) and Ni(II) salts (15 mM
mM CoCl2, 1.2 mM Na2PtCl6) are initially dissolved in
and pure water and surfactant are used. In this case
rve 2), deposition occurs from the IL, which is reflected by
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the very low deposition rate, shape of j-t transient and similar mor-
phology similar to that observed in Fig. 2d. In addition, the elemental
composition (48 at.% Pt, 16 at.% Co and 36 at.% Ni) is logical, taking into
account the more favorable Pt(IV) deposition when it is in the same
solution as Ni and Co. Therefore, after dissolving all the salts in the
bmimPF6, transport of the salts to the aqueous drops and deposition
from them is not detected.

Therefore, NPs are formed by electrodeposition when the metallic
lts are present in the aqueous drops, films (at low deposition rate)
hen the salts are dissolved in the bmimPF6, and NPs-matrix compos-
es when some salts are dissolved in the aqueous drops and others
re dissolved in the bmimPF6.

. Conclusions

The preparation of microemulsions containing droplets of an aque-
us solution with Co(II) and Pt(IV) in a N (II) in ionic liquid solution
llowed us to obtain a composite layer with CoPt NPs dispersed in a Ni
atrix. The nature of the microemulsion allows depositing both the
articles and the matrix in a separate form from the two components
f the microemulsion. The ionic liquid is adequate to really template
e electrodeposition from the aqueous drops, and it also permits the
lectrodeposition of the matrix. The different deposition rates from
e aqueous component or from the ionic liquid induce a sequential
lectrodeposition when the system is maintained without stirring:
e CoPt NPs are initially formed and, afterwards, the nickel matrix de-
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In this chapter, the preparation of Co-based nanostructures, especially nanoparticles, 

by means of electrodeposition was attempted. Initially, various types of classical 

microemulsion were tested with the aim to study, analyse and generalise in which 

conditions classical microemulsions could be proposed as electrochemical template 

for electro-synthesising of various nanostructures. 

Both percolated W/O and bicontinuous microemulsions were demonstrated to be the 

most useful classical microemulsions that allowed metal (Co) or alloy (CoNi, CoPt) 

template electrodeposition, but at low or moderates deposition rates. The 

electrodeposition process of CoNi alloy structures from microemulsions leads to 

porous films, small nanoparticles and aggregates of nanoparticles, when bicontinuous, 

percolated W/O and non-percolated W/O microemulsions, respectively, were used as 

electrochemical media, with similarly higher nickel percentage (60–80 wt. % of Ni) in 

comparison with the obtained films in aqueous solution or aqueous solution + 

surfactant mixtures (29–33 wt. % of Ni). Therefore, the use of microemulsions as 

electrochemical soft templates is possible and permits modulation of shapes, 

morphologies and magnetic properties of electrodeposited CoNi alloy nanostructures. 

Moreover, the electrodeposition process of CoPt alloy structures in percolated W/O 

and bicontinuous microemulsions led to spherical nanoparticles and branched 

structures (same charge density in which porous films were obtained with a CoNi 

bath), as expected, as a consequence of poor electrodeposition efficiency at the 

working potential for the CoPt bath. Lastly, using Co aqueous solution as a test, 

various bicontinuous microemulsions with different characteristics were analysed and 

shown to be adequate for nanostructure electrodeposition. Moreover, this method can 

be a useful technique to characterise some microemulsions (at low charge densities) 

and allowed us to establish the conditions that bicontinuous microemulsions must 

fulfil to act as an electrochemical template. However, it is important to note that 

classical microemulsions permit electrodeposition (with low efficiencies and low or 

moderates deposition rates), but are quite sensitive to the ion consumption during the 

electrochemical process. The type of microemulsion modulates, therefore, the shape, 

composition and size of the final nanostructures. Also, the composition and the 
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deposition rate allow definition of its crystalline structure, and both the size and 

crystalline structure allows definition of the magnetic properties of the electrodeposits 

obtained. When Co-based nanoparticles of a few nanometres were obtained, 

superparamagnetic behaviour was observed, whereas larger nanoparticles can attain, 

as in the case of the CoPt, an exceptional hard-magnetic behaviour. Also, the 

synthesis of very porous films following the structure of bicontinuous microemulsions 

opens up the possibility of preparing structures of high effective area, which are 

useful as catalysts. 

On the other hand, the substitution of oil for an ionic liquid, which is more 

conductive, has been demonstrated to be a powerful strategy to optimise this 

electrochemical media. W/IL microemulsions have been revealed as a versatile, 

green, simple and inexpensive approach to synthesising nanoparticles with controlled 

size and composition by controlling the droplet size and aqueous solution 

concentration, respectively. Moreover, the use of ionic liquid overcomes the main 

problem of classical microemulsion, i.e. the poor conductivity and high ohmic 

resistance, thus leading to reasonable deposition rates. Therefore, various CoPt 

nanoparticles, with an hcp structure, and different stoichiometry and sizes were 

prepared in which the magnetic behaviour varied from superparamagnetism to hard 

magnetism. Finally, the use of ionic liquid microemulsions permits the simultaneous 

electrodeposition from aqueous droplets and the continuous ionic liquid components 

leading to a composite layer with CoPt nanoparticles dispersed in a Ni matrix. 

Therefore, the simultaneous electrodeposition to prepare composites could be 

proposed as a new and easy electrochemical method to develop layers of composites 

using a one-step procedure.  

Progress could be made in the electrodeposition using microemulsion media as 

electrochemical templates with different systems, especially in order to verify the real 

relationship between the microemulsion structure (e.g. by cryo-TEM characterisation) 

and the obtained nanostructure. Moreover, some extra fundamental studies are 

required in order to define the electrodeposition processes.  
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The work presented in this chapter focuses on the use of microemulsions as soft-

templates for synthesising electrochemically mesoporous nanomaterials, especially 

magnetic mesoporous films, nanowires (NWs) or nanorods (NRs) (the terms NWs 

and NRs are used interchangeably throughout the text), by means of 

electrodeposition. However, before considering and discussing our proposal for 

synthesis, is necessary to briefly analyse the various methods that have been proposed 

in the bibliography about the preparation of mesoporous nanostructures (section 6.1).  

In a second step, we demonstrate that our optimized method (electrodeposition of 

mesoporous structures in ionic liquid-in-electrolytic aqueous solutions) allows 

obtaining mesoporous nanorods of any metallic material to be obtained by an easy 

and friendly procedure. In this sense, the methodology that we explore in this chapter 

is based on the simultaneous use of both hard and soft-templates (schematically 

illustrated in Figure 6.1) to electrodeposit mesoporous nanorods. Our proposal 

combines the use of a soft-template (microemulsion) as an electrochemical media for 



Electrochemical Preparation of Mesoporous Nanostructures 

 

 

 - 194 - 

pore definition, and a hard-template (polycarbonate membranes) for the definition of 

nanorods/nanowires shape, allowing control of the length, diameter and pore size by 

controlling the deposition time, hard-template and microemulsion structure, 

respectively. Therefore, the main objective of this chapter is to analyse and propose 

the best microemulsion system and the best conditions for the preparation, by 

electrodeposition, of nanowires with large effective areas (high surface/volume ratio) 

that may be useful as electrocatalysts or drug delivery carriers. However, it is 

important to note that the use of ionic liquid microemulsions, which seem to present 

suitable characteristics for our proposal, showed important difficulties. First, these 

systems have to be confined inside the nanochannels (from 25 to 200 nm of diameter) 

of polycarbonate or alumina membranes (hard-template) in order to define the shape 

and size of the mesoporous nanorods; therefore, we must analyse whether the 

proposed microemulsions can fill the nanochannels of the membranes, which is 

essential for controlling the size of the nanostructures. In this sense, it is clear that the 

microemulsions characteristics, especially viscosity, play a crucial role. Therefore, 

various microemulsions and conditions (stirring) have been discussed to analyse 

which types of microemulsions retain their template capability even inside the 

nanochannels of membranes, where the pore diameter of nanochannels in some cases 

is almost the same as the hydrodynamic diameter of the microemulsion droplets. In 

section 6.2, the best conditions and microemulsion system have been evaluated and 

optimised for the preparation of different magnetic Co-based mesoporous materials 

(CoxPt1-x or CoNi@Pt), which are proposed as electrocatalysts (methanol or ethanol 

electro-oxidation for the anodic reaction of fuel cells), with the aim of improving the 

catalytic performance and reducing the amount of platinum, the usual catalyst for fuel 

cell applications. Also, the proposal is tested for the synthesis of mesoporous pure-

metal nanostructures (mesoporous Pt nanorods). Lastly, after optimising the 

conditions and assessing the strength and coherence of the electrodeposition in 

microemulsions to obtain mesoporous nanostructures, we have proven that this 

approach can be generalised to different diameter nanochannels of the membranes 

(hard-templates), without affecting the microemulsion structure and, therefore, the 

porosity of the deposited nanostructures. These results are shown in section 6.2. 
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Figure 6.1: Schematic representation of the strategy followed in the work developed in this 

chapter.  

In a third step, after optimising this methodology, we have demonstrated that using 

microemulsions containing ionic liquids it is possible to synthesise, by 

electrodeposition, mesoporous nanorods of Co-based materials (CoNi) as nanocarriers 

for the transport and controlled release of drugs. In this sense, this methodology 

allows the preparation of materials, which thanks to its large surface and volumetric 

areas, as well as the subsequent functionalisation, retain large amounts of drugs, 

which could be controlled by applying an external magnetic field. The magnetic 
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character of the mesoporous nanorods also allows the gradual release of the drugs to 

be controlled. These results are presented in section 6.3.  
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Actually, the term mesoporous materials refers to solids based on either ordered or 

disordered networks with a broad or narrow distribution of pores in the range between 

2 and 50 nm [1, 2]. According to the International Union of Pure and Applied 

Chemistry (IUPAC) definition, porous materials are divided into three different 

classes: (a) microporous (pore size < 2 nm); (b) mesoporous (pore size ranging from 2 

to 50 nm); and (c) macroporous (pore size > 50 nm) [3]. Nowadays, the term 

nanoporous is increasingly being used; however, it is not clearly defined and loosely 

refers to pores in the nanometre range, which generally include the three previously 

presented classes [4, 5].  

The interest in the development of porous materials, especially ordered mesoporous 

nanostructures, has expanded enormously due to their attractive properties, such as 

high surface areas, tunable pore sizes and shapes, and various structures, amongst 

others, which endow them with potential applications in areas such as catalysis, 

adsorption, sensor technology, lithium-ion batteries, gas storage, drug delivery and 

nanodevices [6 – 11]. However, the history of ordered mesoporous materials dates 

back to 1969, when the first synthesis of an ordered mesoporous material was 

described in the patent literature; however, their extraordinary properties were not 

recognised due to the lack of analysis done at this moment. In 1992, a similar 

material, MCM-41 (which stands for Mobil Composition of Matter No. 41 (highly 

ordered hexagonal array of unidimensional pores with a very narrow pore size 

distribution)) was obtained by research performed by the Mobil Oil Corporation [12 – 

14]. The discovery of ordered mesoporous solids such as MCM-41 in the early 1990s 

was a breakthrough in materials engineering, and there has since been impressive 

progress in the development of many new mesoporous solids based on templating 

mechanisms or other interesting approaches. In this sense, the development of the 

synthesis of non-siliceous materials such as metal oxides or metals is of great interest 
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because of their broad functional properties and their potential industrial applications 

[15, 16].  

Mesoporous materials have been synthesised using various methods such as sol-gel, 

micelle and inverse micelle, hydrothermal, solvothermal, direct oxidation, chemical 

vapour deposition, physical vapour deposition, electrodeposition, sonochemical, and 

microwave, amongst others [17 – 21]. However, the synthesis of ordered and uniform 

mesopores usually requires the utilisation of template or structure directors (also 

known as porogen agents) in order to define the pore. Herein, we summarise the 

principal strategies for the preparation of different mesoporous structures: soft-

templating/endotemplate method (surfactant/block copolymer) or hard-

templating/exotemplate method (nanocasting) [22, 23]: 

 Soft-Templating Method: Endotemplate - “endo” means within - or soft-

template route is based on the self-assembly of porogen agents (surfactant, block 

copolymer, supramolecular aggregates, amongst others) in a liquid medium with 

inorganic precursors (see Figure 6.2) [24, 25]. Over the past decade, several 

mesoporous nanostructured materials such as rhenium dioxide, nickel oxide, 

vanadium pentoxide, and titanium oxide or numerous mesoporous silica or 

aluminosilicate phases, such as FSM-16, MCM-41, SBA-15 or KIT-6, have been 

synthesised in a sol-gel based process by using supramolecular aggregates of 

amphiphilic species as porogens [26, 27]. These processes, based on the use of 

soft-template systems are often referred to as the soft-templating method. 

Moreover, it is important to note that different synthetic pathways could be 

proposed depending on the synthesising medium: synthesis in aqueous solution 

(including a wide variety of possibilities) or synthesis on non-aqueous media 

(e.g. Evaporation-Induced Self-Assembly).  

In the aqueous solution synthesis routes, there are basically two different 

mechanisms for the formation of mesoporous structures (Figure 6.2): (a) 

cooperative self-assembly, in which the interaction between inorganic species is 

particularly essential, as the formation of inorganic-amphiphilic species 

composite is a key point for obtaining mesostructures; and (b) liquid-crystal 
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templating process, in which a liquid-crystalline phase is formed without 

requiring the presence of the precursor inorganic framework materials [28 – 30].  

In the non-aqueous solvent, inorganic precursors with low degrees of 

polymerisation (amphiphilic block copolymer) are dissolved in volatile solvents 

with weak polarity, which can improve the assembly of the inorganic–organic 

interface. It is important to note that the relatively weak coordination interaction 

at the inorganic/organic interface in these cases promotes the cooperative 

assembly of inorganic–polymer composite mesostructures, yielding 

mesostructures. Then, evaporation of the non-aqueous solvent leads to 

mesoporous structures [31, 32]. 

However, soft-templating methods are not universally applicable to every 

desired mesoporous material because some materials cannot be obtained in 

sufficient structural quality by this procedure.  
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Figure 6.2: Schematic representation of the soft-templating pathway for preparing surfactant-

templated mesoporous structures, illustrating formation mechanisms based on a cooperative 

process (route A) or liquid crystal (route B) with hexagonal mesophases.  

 Hard-Templating Method: Exotemplate - “exo” means outside - or hard-

template route is where porous solids (silica, carbon or sometimes colloidal 

crystalline silica microsphere, polystyrene beads, amongst others) are used as the 

template in place of amphiphilic molecules [33, 34]. As mentioned above, the 

soft templating route cannot be regarded as a universal method of creating 

ordered mesoporous materials with sufficient quality. The hard-templating 

method, also called the nanocasting method, facilities the synthesis of a much 

larger variety of mesoporous materials, especially metallic, metal oxides, and 

organic materials [35 – 37]. In this method, a solid mesoporous structure matrix, 

most frequently silica, is used as a porogen agent. As can be seen in Figure 6.3, 

the template remains outside the inorganic material and the hollow space 

provided by the exotemplate framework is filled with that inorganic precursor, 

which is then heated or undergoes another treatment to transform the precursor 

into the target product (the pore system of the template is copied as a negative 

image in the material); finally, the template is removed.  
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Figure 6.3: Schematic representation of the hard-templating route leading to mesoporous 

materials.  

Nowadays, various methods with different names, which may be included in the 

discussed categories, have been presented as a new route. However, this is not 

considered significant for our work.  

 

 

The combination of electrochemistry and mesoporous materials opens an important 

door to the research as it is possible to characterise some significant properties of 

mesoporous materials, as well as their reactivity, by means of electrochemical 

methods. In this sense, electrochemical methods, especially cyclic voltammetry, have 

been particularly useful to determine the electrochemical surface areas (ECSAs) of 

synthesised materials and/or double layer capacities, to analyse the behaviour of 

surface-confined redox probes, and/or to quantify the mass/charge transport processes 

inside such confined environments [38 – 41]. However, electrochemical methods 
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were recently proven to be an attractive means of synthesising ordered mesoporous 

structures in a simple, green and economical way, which offers the possibility to 

growing mesoporous materials on electrode surface [42, 43]. Electrochemistry allows 

mesoporous structures of metals, semiconductors, metal oxides, and polymers, 

amongst others, to be grown by direct electrodeposition or indirect-assisted deposition 

through either soft and/or hard templates. It is important to note that this permits the 

simultaneous use of soft- and hard-templates in order to define the mesoporous 

structure and the shape of nanostructured materials (known as shape-controlled 

electrodeposition) [44, 45]. In this sense, liquid crystalline (LLC) phase or micelle 

solutions are typically used as soft-templates (Figure 6.4) for electrochemical 

deposition, which in principle allows a wide variety of metallic structures to be 

obtained [46 – 48]. However, due to the high viscosity of lyotropic liquid crystals or 

some microemulsions, it is not easy to selectively deposit metals in the target area, 

such as in the nanochannels of polycarbonate/alumina membranes, and it cannot 

therefore be applied as a general electrochemical method for shape-controlled 

synthesis of mesoporous metals. Moreover, micellar solutions only show useful soft-

template capacity for a small restricted group of precursors, which may hinder the 

preparation of some materials as a consequence of the significant increase in cost due 

to the high price of some inorganic or organometallic precursors.  
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Figure 6.4: Schematic representation of the electrochemical synthesis of mesoporous 

nanostructures based on the use of liquid crystalline phase or micellar solutions. 

On the other hand, hard-templates are mainly used for the production of mesoporous 

films, whose pores are filled with inorganic precursors, which are then subjected to 

electrochemical deposition in the void volumes of the template material (as explained 

previously in the hard-templating route). Figure 6.5 shows an alternative, based on a 

hard-template route, in which electrodeposition through packed colloidal crystal 

assemblies allows the generation of ordered mesoporous deposits [49, 50]. This 

proposal is suitable for mesoporous films, but is uncontrollable for shape-controlled 

deposition by their combination with other hard-templates systems to define the 

shape. Lastly, an another attractive and much used strategy to electrosynthesize 

mesoporous materials is the alloy-dealloying approach, in which a less noble metal is 

selectively dissolved from a bimetallic alloy [51 – 53]. In this case, a shape-controlled 

electrodeposition is possible, but it is quite difficult to obtain structures with highly 

ordered pores.  
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Figure 6.5: Schematic representation of the preparation of a colloidal assembly on the 

electrode surface for preparing mesoporous networks. 

Herein, we propose synthesising magnetic mesoporous nanorods (with different 

diameters and lengths) to be used as drug nanocarriers or nanocatalysts for electro-

oxidation processes, with an optimised system which allows mesoporous structures of 

any metallic material to be obtained via an easy procedure, by combining the use of a 

soft-template (microemulsion containing ionic liquids) for pore definition and a hard-

template (polycarbonate or alumina membranes) for shape definition.  
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The threat of global warming is generating growing social and scientific interest in 

alternative ecological energy sources to reduce the use of contaminating fossil fuels. 

In this context, fuel cells are receiving tremendous attention as a future energy 

technology, since they can convert chemical energy directly into electrical energy 

using environmentally friendly processes with high energy conversion efficiencies 

[54, 55]. In particular, direct alcohol fuel cells (DAFC), especially those based on 

methanol or ethanol (DMFCs or DEFCs, respectively) are especially appealing due to 

their outstanding advantages, such as low cost, industrial-scalable availability, high 

power density, simplicity, ease of recharging, and low operating temperatures, which 

possess potential applications to power future portable electronic devices [56 – 58]. 

However, the high cost and short lifespan of Pt, which has been recognised as the best 

catalyst for methanol/ethanol electro-oxidation, presents a major technical challenge, 

which is slowing down the progress of fuel cell commercialisation [59, 60]. 

Currently, various proposals are being considered to reduce the amount of platinum. 

In this sense, the main strategies could be summarised as: synthesising new 

nanometric non-platinum (or non-noble metals) catalysts, especially oxides of other 

metals, with excellent performance towards methanol/ethanol electro-oxidation; 

synthesising nanometric composites, Pt-shelled nanostructures or Pt-based alloyed 

nanomaterials with the dual aim of improving the catalytic performance and reducing 

the amount of noble metal; and lastly, synthesising new efficient mesoporous (or 

porous) Pt-poor (noble metal-poor) catalysts with large active surface areas in order to 

reduce the amount of Pt and also improve performance. It is important to note that 

there are other possibilities that can be found in the literature [61 – 65]. Moreover, 

these strategies are perfectly combined among themselves.  
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Therefore, the development of new competitive synthetic routes of porous 

nanomaterials (especially mesoporous structures), with different compositions and 

shapes, is essential for designing competitive catalysts for methanol or ethanol 

electro-oxidation. Herein, we have tackled this issue by analysing, proposing and 

developing versatile, simple, competitive, environmentally friendly and highly 

effective procedures to grow mesoporous structures of Pt-poor catalysts (CoPt or 

CoNi@Pt) by electrodeposition using different ionic liquid microemulsions. These 

exhibit outstanding catalytic activity towards methanol or ethanol oxidation either in 

acidic or alkaline conditions, with exceptional stabilities, low catalyst poisoning and 

excellent catalytic activity. In order to compare the performance of the new catalysts, 

mesoporous structures of pure Pt have been also synthesised and studied. 

 

Based on the results presented in Chapter 5, concerning the use of W/IL 

microemulsions for synthesising CoPt nanoparticles and CoPt-Ni composites, we 

have tested the possibility to synthesising mesoporous nanostructures, especially 

nanowires, by means of electrodeposition, by using IL/W microemulsions as 

electrochemical media (dispersed droplets of ionic liquid in an aqueous solution of the 

electroactive species). Therefore, electrodeposition was used as a synthetic route for 

preparing mesoporous structures in a versatile, simple, environmentally friendly and 

effective procedure, using microemulsions with ionic liquids as soft-templates. It is 

important to note that, as a form of shape-controlled electrodeposition of mesoporous 

materials, our proposal combines the use of a soft-template (microemulsion) 

electrodeposition medium for pore definition, and a hard-template (polycarbonate or 

alumina membranes) for nanowire definition, which allows control of the length, 

diameter and pore size by controlling the deposition time, the hard template and the 

microemulsion structure, respectively (schematically illustrated in Figure 6.6) 
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As a first step, the possibility of synthesising mesoporous CoPt-alloyed nanowires 

(using microemulsions, ME15) has been analysed, and then the obtained nanowires 

were tested as electrocatalysts towards methanol electro-oxidation. These nanowires 

were compared with nanowires that were electrosynthesized in aqueous solution (W2) 

and aqueous solution + surfactant mixtures (MW3), in terms of electrocatalytic 

activity and electrochemical surface area. In this first study, we selected 

polycarbonate membranes with a 200 nm nominal diameter of the nano-channel, 

considering the possibility that those microemulsions, which had viscosities that were 

significantly higher than aqueous solution (around 27 times larger), inhibit the filling 

of nanochannels and, therefore, inhibit confined electrodeposition. In this sense, in all 

cases, to favour the initial filling of the nanochannels, membranes were introduced in 

the corresponding electrochemical media 24 h prior to being used.  

 

Figure 6.6: Schematic representation of the shape-controlled electrodeposition in the confined 

space of polycarbonate/alumina membranes using ionic liquid microemulsions.  

According to the electrochemical study of the CoPt deposition process in the different 

selected media (W2, MW3 and ME15), the same processes were detected in all cases; 

however, the deposition rate was slightly lower when IL/W microemulsion (ME15) 
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was used. Therefore, we proceeded to electrodeposit CoPt nanowires, under semi-

stirring conditions, i.e. maintain gentle Argon bubbling in the bulk of the 

electrochemical media, which allowed nanowires ranging between 5 and 7 µm to be 

obtained with virtually identical compositions (around 80 wt.% for Pt and 20 wt.% for 

Co). It is important to emphasise that this process presented very low efficiency 

(around 12 and 6% for aqueous solution, W2, and IL/W microemulsion, ME15, 

respectively), because the material prepared is very catalytic to hydrogen evolution. 

The TEM characterisation (Figure 6.7) of the CoPt nanowires allows the different 

textures of those prepared by using the microemulsion to be seen, in which surface 

porosity is clearly observed, although determination of the pore size was difficult. 

However, the electrocatalytic activity and electrochemical surface area values denote 

a significant increase in the effective area of the nanowires prepared in aqueous 

solution and in IL/W microemulsion, confirming the reported surface porosity. 

Therefore, the use of Il/W microemulsions seemed to be a good method for the 

synthesis of mesoporous nanowires.  

 

Figure 6.7: HRTEM micrographs of nanowires obtained in aqueous solution (W2) and IL/W 

microemulsions (ME15). Scale bar: 100 nm.  

However, this methodology needs to be improved before being proposed as a 

competitive route to obtain well-defined mesoporous nanorods. Based on the low 

quality and poor definition of the superficial porosity obtained in IL/W 

microemulsions, other microemulsions structures (bicontinuous and W/IL 
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microemulsions), which seemed more robust in terms of template capability, must be 

analysed for the preparation of well-defined mesoporous nanorods. Moreover, it is 

important to note that the previous step of 24 h immersion of membranes in each 

electrochemical media to ensure filling of the nanochannels could favour the 

spreading of electroactive species from the aqueous component to the ionic liquid, 

resulting in the simultaneous electrodeposition in both aqueous and ionic liquid 

components, and, therefore, inhibiting its template capability. In the following 

experiments, membranes were submerged in each electrochemical media for only four 

hours, which was enough time to achieve nanochannel filling without affecting the 

template capability of the corresponding microemulsion. Therefore, as a second step, 

based on these initial results and with the aim of verifying the potential of ionic liquid 

microemulsions as nanoreactors for the electrodeposition of mesoporous structures in 

a confined space, another IL/W microemulsion (ME18) with lower aqueous content, 

and either bicontinuous (ME19) or W/IL microemulsions (ME20) were also tested in 

semi-stirring conditions (Schematically illustrated in Figure 6.8). As expected, the 

electrodeposition time necessary to circulate the same charge density is very different 

depending on the microemulsion structure (W2 < ME18 < ME19 < ME20), which results 

in nanowires of different lengths (ranging from 4.1 to 3.1 µm), as a consequence of a 

decrease in the electrodeposition efficiency in the same direction as the conductivity. 

It is important to emphasise these differences in deposition rate as the CoPt-hcp:CoPt-

fcc ratio in the prepared nanowires increases as a result of a gradual decrease in 

deposition rate; also, it is known that low deposition rates favour formation of the hcp 

crystalline structure for the obtained composition of the nanowires. Therefore, 

according to our results (see pages 229 – 238), it was possible to prepare CoPt 

nanoporous nanowires with different morphologies (mesoporous morphologies 

clearly being obtained when W/IL microemulsions was used) with these three 

different types of electrochemical media, in which composition remains virtually 

constant (Co33±2Pt67±2) and identical to that in aqueous solution. Figure 6.8 shows 

nanowires with heterogeneous porosity, which should be classified as a microporous 

material; nanowires with a heterogeneous strange morphology with large and small 

pores, which suggest the idea of a bicontinuous structure; and lastly, nanowires with 

well-defined porosity of a few nanometres were obtained in IL/W, bicontinuous and 

W/IL microemulsion, respectively. Therefore, it is important to emphasise that W/IL 

microemulsion seemed the more robust system with excellent characteristics to act as 
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a template, as could be expected according to the results presented in the previous 

chapter (section 5.2). However, in these cases, nanoparticles formed by the local 

deposition of the electroactive species dissolved in the aqueous nano-droplets were 

interconnected, forming a porous network with nanowire shape. This network may be 

a consequence of the distortion that could affect microemulsions during the 

electrodeposition, possibly due to their confinement inside the nanochannels of 

membranes or the semi-stirring conditions. Moreover, the prepared CoPt nanowires, 

especially those prepared in W/IL microemulsion, exhibited high electrocatalytic 

activity for methanol oxidation, good corrosion resistance and good poison tolerance, 

along with easy manipulation and recyclability by the anchoring or recovery due to 

their magnetic behaviour. In addition, the values of the electrochemical surface areas 

are significantly higher (195 m2 g-1 for the CoPt nanorods obtained in the ME20) than 

those obtained by the IL/W microemulsions (38 m2 g-1 for ME15) proposed in our first 

work, as well as other values from the literature, which demonstrated that the 

mesoporous architecture was well-developed even in the inner part of nanowires. 

Therefore, a simple and generalizable electrochemical synthesis route for metallic (or 

in general pure metal or alloy nanostructures) nanoporous nanowires in the 

nanochannels of commercial polycarbonate membranes using microemulsions 

containing ionic liquids has been demonstrated. However, the best electrochemical 

medium in terms of pore definition, very high electrochemical surface areas and 

enhanced electrocatalytic activity, but with important limitations due to its low 

deposition rate, was W/IL microemulsions.  

Lastly, with the dual aim of verifying our electrochemical media for synthesising 

mesoporous structures, in this case nanowires with a diameter of 100 nm, as well as to 

contribute to the preparation of Pt-poor catalysts for methanol electro-oxidation with 

enhanced performance, we proceeded to prepare mesoporous nanowires with only a 

platinum shell. Moreover, in order to compare our proposal with the more recently 

published strategies for the electrochemical synthesis of mesoporous nanowires [66, 

67], micelle solutions and colloidal suspensions of nanoparticles were also tested. 

Platinum nanowires (as a reference) were prepared using aqueous solution - W5 -, 

micelle solution - MW7 -, polystyrene suspension - PS5 - and W/IL microemulsion -

ME17 - (schematically illustrated in Figure 6.9). On the other hand, magnetic CoNi 

nanowires were also prepared in the same media (aqueous solution - W1 -, micelle 



Electrochemical Preparation of Mesoporous Nanostructures 

 

 

 - 211 - 

solution - MW6 -, polystyrene suspension - PS1 - and W/IL microemulsion - ME16 -); 

however, these were covered with a platinum shell after synthesis by interfacial 

replacement reaction in order to obtain compact or mesoporous CoNi@Pt catalysts 

for methanol oxidation in acidic media. Importantly, in this study we analysed the 

effect of the semi-stirring conditions during the electrodeposition process, observing 

that the current density decreases after several minutes and tends asymptotically to 

zero due to the consumption of the electroactive species inside the droplets (similar 

behaviour was described in section 5.2). Therefore, semi-stirring conditions produce a 

small distortion that allows the interconnection of nanoparticles, leading to 

mesoporous structure.  

Figure 6.8: Schematic representation of the shape-controlled electrodeposition in the confined 

space of polycarbonate membranes using IL/W, bicontinuous or W/IL microemulsions. Scale 

bar: 50 nm.  
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Figure 6.9: Schematic representation the different proposed media and TEM image of the 

obtained CoNi@Pt nanowires for each media. Scale bar: 50 nm. 

Based on our study, templated electrodeposition in aqueous solution leads to compact 

nanowires of Pt or CoNi@Pt; micelle solution, which is able to form mesoporous pure 

platinum nanowires, as described in the literature, does not permit the formation of 

mesoporous CoNi@Pt nanowires; PS suspensions lead to heterogeneous non-ordered 

porous morphologies; and W/IL microemulsion allows well-defined mesoporous 

nanowires of Pt and CoNi@Pt to be obtained with volumetric porosity forming a 3D-

interconnected easily accessible network (as demonstrated the high electrochemically 

surface area value of 224 m2 g-1). Lastly, the prepared nanowires were tested as 

electrocatalysers for methanol electro-oxidation, in which the best performance to the 

methanol oxidation was observed for mesoporous core@shell nanowires obtained in 

suspension of polystyrene and, especially, in water-in-ionic liquid microemulsion. 

Moreover, the presence of the CoNi core improves the performance of the platinum, 
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inducing high activity in the superficial platinum of the shell and a lower tendency to 

poisoning during the methanol oxidation; and implies a clear economic saving in the 

price due to the low percentage of platinum.  

Therefore, we can conclude that our proposal allows mesoporous nanowires of 

different materials to be prepared with large electrochemically active areas and 

enhanced catalytic activity for methanol electro-oxidation; however, the low 

deposition rate remains a major inconvenience. However, these results were 

fundamental as they show that semi-stirring is extremely important due to the 

distortion of the microemulsion structure, which is particularly mandatory for a W/IL 

structure (water droplets – nanoreactors – dispersed in a continuous ionic liquid 

media). In this sense, it is important to note that when IL/W microemulsions were 

used, it is quite important to maintain the microemulsion structure to facilitate the 

formation of a porous network. Therefore, we need to explore the use of IL/W 

microemulsions, in non-stirring conditions, in order to optimise the quality of the 

obtained materials to overcome the low deposition rate.  

 

 

 

 



Electrochemical Preparation of Mesoporous Nanostructures 

 

 

 - 214 - 

 

Page 214: Electrochemical Synthesis of Mesoporous CoPt Nanowires for 

Methanol oxidation  

Albert Serrà, Manuel Montiel, Elvira Gómez, and Elisa Vallés. Nanomaterials 4 

(2014) 189.  

 

Page 230: Facile electrochemical synthesis, using microemulsions with ionic 

liquid, of highly mesoporous CoPt nanorods with enhanced electrocatalytic 

performance for clean energy 

A. Serrà, E. Gómez, and E. Vallés. International Journal of Hydrogen Energy 40 

(2015) 8062. 

 

Page 240: Novel electrodeposition media to synthesise CoNi-Pt Core@Shell stable 

mesoporous nanorods with very high active surface for methanol electro-

oxidation 

A. Serrà, E. Gómez, and E. Vallés. Electrochimica Acta 174 (2015) 630. 

 

 

 

 

 

 

 

 



Electrochemical Preparation of Mesoporous Nanostructures 

 

 

 - 215 - 

 

 

 

 

 

 

 

 

 

 

 

 

 



Nanomaterials 2014, 4, 189-202; doi:10.3390/nano4020189 
 

nanomaterials 
ISSN 2079-4991 

www.mdpi.com/journal/nanomaterials 

Article 

Electrochemical Synthesis of Mesoporous CoPt Nanowires for 
Methanol Oxidation 

Albert Serrà, Manuel Montiel, Elvira Gómez and Elisa Vallés * 

Physical Chemistry Department and Institute of Nanoscience and Nanotechnology (IN2UB), 

University of Barcelona, Martí i Franquès 1, 08028 Barcelona, Spain; E-Mails: a.serra@ub.edu (A.S.); 

manuel.montiel@ub.edu (M.M.); e.gomez@ub.edu (E.G.) 

* Author to whom correspondence should be addressed; E-Mail: e.valles@ub.edu;  

Tel.: +34-934-039-238; Fax: +34-934-021-231. 

Received: 11 March 2014; in revised form: 22 March 2014 / Accepted: 23 March 2014 /  

Published: 28 March 2014 

 

Abstract: A new electrochemical method to synthesize mesoporous nanowires of alloys 

has been developed. Electrochemical deposition in ionic liquid-in-water (IL/W) 

microemulsion has been successful to grow mesoporous CoPt nanowires in the interior of 

polycarbonate membranes. The viscosity of the medium was high, but it did not avoid the 

entrance of the microemulsion in the interior of the membrane’s channels. The structure of 

the IL/W microemulsions, with droplets of ionic liquid (4 nm average diameter) dispersed 

in CoPt aqueous solution, defined the structure of the nanowires, with pores of a few 

nanometers, because CoPt alloy deposited only from the aqueous component of the 

microemulsion. The electrodeposition in IL/W microemulsion allows obtaining 

mesoporous structures in which the small pores must correspond to the size of the droplets 

of the electrolytic aqueous component of the microemulsion. The IL main phase is like a 

template for the confined electrodeposition. The comparison of the electrocatalytic 

behaviours towards methanol oxidation of mesoporous and compact CoPt nanowires of the 

same composition, demonstrated the porosity of the material. For the same material mass, 

the CoPt mesoporous nanowires present a surface area 16 times greater than compact ones, 

and comparable to that observed for commercial carbon-supported platinum nanoparticles. 

Keywords: mesoporous nanowires; CoPt alloy; electrodeposition; microemulsion; ionic 

liquid DMFC 
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1. Introduction 

More than 160 years ago, the conversion of chemical energy into electrical energy in a primitive 

fuel cell was demonstrated as an attractive technology due to the significant possible environmental 

benefits and system efficiencies [1]. However, fuel-cell systems have proved difficult to develop viable 

industrial products, due to the material or manufacturing cost [2,3]. Nowadays, the needs of modern 

society and the emerging ecological claims show an unquestionable interest in low-cost, scalable, 

effective, and environmentally friendly energy conversion and storage devices [4–7]. Therefore, these 

characteristics depend intimately on the properties of the constituent materials. In the last decades, the 

use of nanomaterials has been an emergent topic due to the unusual properties (mechanical, electrical, 

optical, among others) and the high surface-volume ratio of these materials [8–11]. It provides an 

enormous challenge to combine the advantages and disadvantages of nanomaterials in energy 

conversion and storage devices, especially to take advantage of the high specific area of them in 

catalytic routes to convert fuels into energy [12,13]. 

Among the various categories of fuel cells, Direct Alcohol Fuel Cells (DAFCs) working at low 

temperatures (<373 K) and employing proton exchange membranes, are promising devices for 

electrochemical power generation [14,15]. Especially, methanol (DMFCs) or ethanol (DEFCs) fuel 

cells are attractive systems to supply energy to portable electronic devices, due to the high energy 

density and conversion efficiency, fuel availability, low-to-zero pollutant emission, and because they 

can be easily handled [16–18]. However, the slow oxidation kinetics of these fuels inhibits the wide 

use of these systems due to the need to use noble metal derivatives as catalysts (Pt, Pd, etc.). In order 

to resolve these critical problems, more effective and inexpensive materials should be synthesized, 

which enhance the kinetics of alcohol oxidation and the activity for oxygen reduction. Recently, the 

use of nanoparticulated bimetallic platinum alloys with less expensive 3d-transtion metals like Fe or 

Co, among others, promotes the electrocatalytic activity and reduces costs [19,20]. 

Electrodeposition technique has been shown a useful tool for preparation of nanostructured 

materials over several conductive substrates, even over templates, photolithographically prepared 

substrates orin soft-template systems (microemulsions and self-assembled monolayers) [21–24]. 

Microemulsions are liquid systems of water, oil and surfactant, which are optically transparent and 

thermodynamically stable. In recent years, classical microemulsions have been widely used to 

chemically synthesize nanoparticles in water or oil droplets of a few nanometers stabilized in a 

continuous oil or water, respectively [25–27]. Recently, in our laboratory, we have demonstrated the 

possibility to use microemulsions based on ionic liquids due to their intrinsic ionic conductivity, low 

vapor pressure and wide electrochemical window [28]. These systems provide more conductivity and 

lower ohmic resistance than classical microemulsions, which use oil component (dielectric component). 

Mesoporous nanomaterials could be prepared by several different routes including phase separation, 

controlled foaming, among other strategies [29,30]. Synthesis and applications of mesoporous 

materials, especially ordered mesoporous, have received intensive attention because of their large 

surface areas, uniform pore size, and tunable periodic morphologies. These materials are promising 

candidates as nanoreactors, catalysers, sensors or drug deliverers [31–33]. 

The aim of this work is the preparation, by means of electrodeposition method, of highly porous 

CoPt nanowires, catalytic to methanol oxidation. In order to electrodeposit directly the mesoporous 
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nanowires, an ionic liquid in water microemulsion (IL/W microemulsion) was selected. The solubility 

of the salts in the ionic liquid must be very low respect to that in water to avoid the electrochemical 

deposition from the IL. Thus, an electrolytic solution containing the platinum and cobalt salts was used 

as aqueous component, and 1-Butyl-3-methylimidazolium hexafluorophosphate (bmimPF6) as ionic 

liquid distributed as droplets into the aqueous solution. The objective is to replicate the structure of the 

IL/W microemulsion to the CoPt nanowires grown in it. CoPt should deposit in the interior of the 

membrane pores, only from the aqueous component, giving as a results a mesoporous structure of the 

nanowires. This proposal supposes a totally new methodology for preparing mesoporous nanowires as 

the use of microemulsions had never proposed previously. However, both mesoporous nanorods and 

mesoporous films have been prepared using aqueous surfactant solutions (with very low surfactant 

content) [34–37]. Therefore, our methodology introduces a new strategy, which would seem useful to 

prepare other materials like mesoporous polymeric nanowires, according to the more robust template 

capability of microemulsion than micelle aqueous solution. 

2. Results and Discussion 

In order to synthesize mesoporous nanowires of CoPt alloy to enhance the catalytic activity to 

methanol oxidation, an ionic liquid-in-water (IL/W) microemulsion has been considered as a template 

to control the pore size (Figure 1). Several studies have demonstrated a low solubility of electrolytic 

species in this ionic liquid [28]. This allow us to propose a new interesting electrochemical route to 

obtain different nanostructured materials, in this case mesoporous materials, as a consequence of the 

non-deposition of the material from the ionic liquid of the microemulsion. We select an IL/W 

microemulsion based on literature [38] with 77.1 wt.% of aqueous solution (W), 20.7 wt.% of Triton 

X-100 (S) and 2.2 wt.% of bmimPF6 to test if it is useful for the electrochemical synthesis of the CoPt 

mesoporous nanowires. In order to synthesize electrochemically mesoporous nanowires we will 

combine the use of polycarbonate membranes and microemulsion soft-templates. However, we must 

consider different properties of the selected microemulsion that can affect the possibility to follow this 

synthesis route, such as surface tension, conductivity, viscosity and hydrodynamic radius of 

microemulsion droplets. The surface tension can affect the wetting of the membrane’s channels, the 

conductivity of the microemulsion can condition the deposition rate, a high viscosity of the 

microemulsion could difficult the filling of the membrane’s pores and the hydrodynamic radius of 

microemulsion droplets define the pore size and distribution. We have determined the values of theses 

magnitudes and Table 1 shows the surface tension, relative density, viscosity and conductivity of both 

aqueous solution and microemulsion and the hydrodynamic radius of microemulsion droplets. Surface 

tension of the IL/W microemulsion decreases respect to that of CoPt aqueous solution, which can 

favour the wetting of the channels walls of the membranes, but the higher value of the viscosity for the 

microemulsion allows us expecting lower deposition rate of the CoPt nanowires than in aqueous 

solution. IL/W microemulsion presents lower conductivity than aqueous medium due to the intrinsic 

nature of each system, but due to that the aqueous solution is the continuous component of the 

microemulsion, conductivity is not drastically different for both systems. For this reason, a low 

influence of the conductivity on the electrodeposition process is expected. Therefore, the major effect 

in electrodeposition process in polycarbonate membranes should be the transport through the channels. 
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In order to measure the hydrodynamic diameter of the droplets and the polydispersity index (PDI) by 

Dynamic Light Scattering (DLS), the refraction index of microemulsion system was determined  

(nIL/W = 1.3598). DLS measures leads to 4.2 nm of hydrodynamic diameter of ionic liquid droplets and 

0.1 of polydispersity index (PDI), which permits to expect a uniform pore size distribution according 

to the monodisperse droplets size distribution. A value of 12.8 nm has been determined in the literature 

for a similar microemulsion but containing pure-water [38], which shows that the presence of the cobalt 

and platinum salts in the aqueous component influences, as expected, the microemulsion characteristics. 

Figure 1. Schematic representation of electrochemical synthesis of mesoporous and  

non-mesoporous CoPt nanowires on polycarbonate membranes coated with gold layer. 

 

Table 1. Surface tension (γ), viscosity (η), relative density (δ , ), conductivity (ҡ), and 

hydrodynamic diameter (Dh) of aqueous solution (W) and ionic liquid in water 

microemulsion (IL/W microemulsion) at 25 °C. 

Properties Aqueous solution (W) IL/W microemulsion 

γ (mN·m−1) 71.9 18.8 
η (mPa·s) 0.84 22.3 
δ ,  1.00 1.02 

ҡ (mS·cm−1) 11.18 8.42 
Dh (nm) - 4.20 ± 0.08 

In all cases, in order to favor the initial filling of the membrane’s channels for the CoPt deposition, 

membranes were introduced in the aqueous solution or in the microemulsion for long time (24 h). 

After this, the electrochemical synthesis of the CoPt nanowires was performed in the IL/W 

microemulsion and the resulting nanowires were compared with those obtained in aqueous solution. 

Previously, an electrochemical study of the process in each system was necessary to define the 

potentials adequate to obtain the CoPt nanowires. As gold seed layers were used to make conductive 

the membranes, the electrochemical study of the deposition process was initially performed on Si/Ti 
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(15 nm)/Au (100 nm) substrates and after on polycarbonate membranes/Au (100 nm) substrates to 

detect possible influence of the porous template. 

From the voltammetric results on Si/Ti/Au substrates, the deposition process of CoPt system in 

aqueous solution (W), aqueous solution-surfactant (79W:21S) or IL/W microemulsions systems seem 

occur in a similar way. Figure 2 shows the cyclic voltammogram of each system at 50 mV·s−1. The 

selected cathodic limit (−1.0 V) allows detecting the main reduction processes: platinum (IV) 

reduction (R1), protons reduction over the first deposited platinum (R2) and simultaneously reduction 

of cobalt and hydrogen evolution (R3). In the anodic scan, the oxidation of retained molecular 

hydrogen over the surface electrode (O1) and the quasi-simultaneously surface oxidation of platinum 

and gold (OS) were detected. The oxidation of the CoPt is difficult to detect as corresponds to a noble 

platinum alloy [39]. The voltammetric study allows detecting the same processes from IL/W 

microemulsion, but its major viscosity and slightly lower conductivity implies lower current densities 

of the processes, i.e., lower deposition rate. Intermediate current densities were observed for the 

aqueous solution-surfactant system; this solution was studied to analyze the surfactant effect and to 

determine the veritable effect of microemulsion in nanowire characteristics. 

Figure 2. Cyclic voltammetry at 25 °C and stationary conditions on Si/Ti (15 nm)/Au  

(100 nm) of (A) CoPt solution (W) and (B) CoPt solution (W), aqueous solution–surfactant 

system (79W:21S) and IL/W microemulsion. 

 

From the voltammetric results, a potential of −1000 mV was selected to perform the CoPt 

codeposition, firstly on the Si/Ti/Au substrates, from aqueous solution (without or with surfactant) and 

IL/W microemulsion. Deposits were prepared at 25 °C without stirring. At the selected potential, CoPt 

films of similar composition were obtained in all cases (Table 1), which demonstrated that the nature 

of each system, continuous or discrete media does not affect the deposition process. Metallic 

appearance films were obtained from both W and W-S systems, whereas black ones are obtained from 

the IL/W microemulsion, which reveals the major roughness of the films. The measure of the thickness 

of the CoPt deposits permits calculating the efficiency of the electrodeposition process. The  

efficiency was estimated by comparing the calculated and experimental charge densities by means the 

following equation: 
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where qcalc is the calculated charge density corresponding to the deposit formation, qexp is the 

experimental circulated charge density, ρ is the CoxPt1−x density estimated from the composition and 

crystalline cell volume, n is the total number of electrons, Vcalc is the deposit volume, F is the Faraday 

constant, and M is the molecular weight of CoxPt1−x. 

From these results, CoPt electrodeposition is possible from the three studied systems, leading to 

films of similar composition but different efficiency of the process. In all cases, low values of 

efficiency were obtained due to the catalytic behavior of platinum alloys to hydrogen evolution. 

In order to determine if it is possible to apply the same potential to perform the deposition of CoPt 

nanowires, the processes were studied in the polycarbonate membrane, because the deposition through 

the membrane could be modified. The voltammetries (Figure 3A), corresponding to the deposition 

process in polycarbonate membranes coated with gold layer, show also a platinum reduction 

currentband and protons reduction over the first deposited platinum (R1+2 = R1 + R2) followed by the 

simultaneously CoPt deposition and hydrogen evolution (R3). The profile is similar in aqueous solution 

(W), aqueous solution-surfactant (79W:21S) and IL/W microemulsion systems. For the same cathodic 

limit previously used on Si/Ti/Au electrodes, lower proportion of the hydrogen evolution current was 

observed, which leads to lower O1 peak. Therefore, the oxidation peak of the CoPt alloy (O2) was more 

clearly seen. According to this analysis, CoPt nanowires were prepared potentiostatically also at  

−1000 mV. Figure 3B shows the chronoamperometric curves of each system under moderate stirring 

conditions with argon flux, trying to favor the transport of matter inside the membrane and attain a 

quasi-stationary regime. Electrochemical deposition from the IL/W microemulsion was significantly 

slower that from aqueous solution containing or not the surfactant, as a consequence of the slower 

transport of the electroactive species in the more viscous system. 

Figure 3. (A) Cyclic voltammetrie sand (B) chronoamperometric curves at 25 °C on Au 

sputtered 20 µm-thick polycarbonate membranes with 200 nm pore diameters size. 

Geometrical area has been used to calculate current density. 
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Figure 3. Cont. 

 

Figure 4 shows the TEM micrographs of the obtained nanowires from each system (W, W-S and 

IL/W) after circulating the same charge. The influence of the presence of surfactant in the aqueous 

solution on the surface nanowire texture and the possible formation of mesoporous CoPt nanowires 

from the microemulsion are analyzed. In aqueous solution, larger nanowires (Table 2) than in  

aqueous-surfactant or microemulsion systems were obtained as corresponds to the different 

electrodeposition efficiencies determined from the CoPt films (Table 3). The composition of the 

nanowires is very similar to that of the electrodeposited films on Si/Ti/Au electrodes for each system. 

Table 2. Elemental composition and length of CoPt nanowires obtained in different 

systems (W, W-S and IL/W) after circulating the same charge (6 C·cm−2). 

System wt.% Pt wt.% Co Length (µm) 

W 77.5 22.5 6.9 ± 0.5 
W-S 78.4 21.6 5.6 ± 0.5 

IL/W microemulsion 80.2 19.8 4.9 ± 0.7 

Table 3. Experimental circulated charge density (qexp), deposit composition, thickness (δexp), 

calculated charge density (qcalc) and efficiency of the deposition processes, at the same 

deposition potential (−1000 mV), for each system on Si/Ti (15 nm)/Au (100 nm) electrode. 

System qexp (C·cm−2) wt.% Pt wt.% Co Thickness (nm) qcalc (C·cm−2) ε (%)

W 6.0 77.7 22.3 210 0.7 ~12 
W-S 6.5 79.8 20.2 150 0.5 ~8 

IL/W microemulsion 7.5 80.3 19.7 140 0.5 ~6 

The magnified TEM micrographs (Figure 4A,B) show compact nanowires obtained from both W 

and W-S systems, except in the extreme of the nanowires, in which the material is being incorporated. 

However, the CoPt nanowires obtained in IL/W microemulsion were less compact (Figure 4C). In the 

magnified micrographs, pores are clearly seen. The pore’s size can’t be measured in TEM images 

because it was very low, of a few nanometers, as corresponds to the determined droplet size in IL/W 

microemulsions (4.2 nm). Therefore, the electrodeposition in IL/W microemulsion allows obtaining 

mesoporous structures in which the small pores must correspond to the size of the droplets of the 
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electrolytic aqueous component of the microemulsion. The IL main phase is like a template for the 

confined electrodeposition. The mesoporous structure of the CoPt nanowires implies higher surface 

area that of the compact ones, which will be corroborated if mesoporous CoPt nanowires are more 

catalytic to methanol oxidation than compact ones. 

Figure 4. TEM micrographs of CoPt nanowires prepared in (A) aqueous solution (W),  

(B) aqueous solution–surfactant system (79W:21S) and (C) IL/W microemulsion systems 

at 25 °C on Au sputtered 20 µm-thick polycarbonate membranes with 200 nm pore 

diameters size after circulating the same charge. The first micrographs in each series 

correspond to a general overview of CoPt nanowires; the second one corresponds to a 

magnification of a central part of nanowire. In addition, the latter corresponds to a 

magnification of the edge of a nanowire. 

 

With these considerations in mind, the methanol oxidation reaction in oxygen-free  

1.0 M CH3OH/0.5 M H2SO4 electrolyte was studied. On the one hand, Figure 5A shows the cyclic 

voltammograms recorded at 100 mV s-1 considering current density per unit mass. It can be seen an 

outstandingly greater activity toward methanol oxidation of nanowires prepared in IL/W 

microemulsion systems (mesoporous CoPt nanowires) compared to those prepared in W system 

(compact CoPt nanowires). The current intensity per microgram of catalyst at 0.6 V is 84 µA·µg−1 for 

porous nanowires whereas for compact ones is 5.3 µA·µg−1. Calculated electrochemically active  

areas (EAA) using the hydrogen adsorption charge from the cyclic voltammogram in 0.5 M H2SO4 for 

both IL/W and W nanowires were 38.0 and 2.4 m2·g−1, respectively (see inset in Figure 5A). It means 

that these mesoporous nanowires have a surface area 16 times greater than compact ones, and 

comparable to that observed for commercial carbon-supported platinum nanoparticles [39]. The greater 
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electrochemical activity of mesoporous nanowires towards methanol oxidation is due to this larger 

surface area for the same amount of catalyst. 

Figure 5. Cyclic voltammograms for methanol oxidation on CoPt nanowires obtained from 

W and IL/W systems. Scans were recorded in Ar saturated 1.0 M CH3OH/0.5 M H2SO4 at 

100 mV s−1. Current density calculated using (A) catalyst’s mass, and (B) electrochemically 

active area. Inset shows the region used to calculate electrochemically active area (in red) 

from a cyclic voltammogram in 0.5 M H2SO4 at 100 mV s−1. 

 

On the other hand, Figure 5B shows a comparison of cyclic voltammograms with current density 

calculated with EAA. The methanol oxidation process starts at 0.20 V in both W and IL/W nanowires, 

and the activity for compact nanowires is smaller for potential values below 0.6 V (forward scan). The 

methanol oxidation peak appears at less positive values for W nanowires (0.72 V) than for IL/W 

nanowires (around 0.95 V), although the activity per surface area of catalyst at 0.72 V is similar in 

both of them (0.45 and 0.39 mA cm−2 for W and IL/W nanowires, respectively). Moreover, typical 

working potentials for methanol oxidation in DMFC are between 0.4 and 0.6 V. In this region, the 

activity of porous nanowires is slightly greater than compact ones (from 0.06 to 0.22 for W, and  

from 0.10 to 0.22 mA cm−2 for W/IL). Therefore, the use of mesoporous nanowires has some 

advantages with respect to compact nanowires, since it has very better electrocatalytic behaviour 

towards methanol oxidationand its active area is pretty larger for the same amount of catalyst. 

Moreover, the catalytic performance of mesoporous nanowires is comparable to that of commercial 

platinum nanoparticles, and further improvements may make these materials potential candidates for 

DMFC electrodes. 

3. Experimental Section 

The IL/W microemulsion was prepared by mixing of aqueous component (W), p-octyl polyethylene 

glycol phenyl ether as known as (a.k.a.) Triton X-100 (S) and 1-Butyl-3-methylimidazolium 

hexafluorophosphate a.k.a. bmimPF6 (IL) in different proportions. The mixture was stirred during  

5 min under argon bubbling, leading to transparent and stable microemulsions. The aqueous solution 

contains 2.5 mM CoCl2, 1.2 mM Na2PtCl6, 0.1 M NH4Cl, 10 g·dm−3 H3BO3 at a pH adjusted to  

4.5 with NaOH solutions. The viscosity, surface tension and conductivity of the selected ionic  
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liquid-in-water microemulsion [29] have been analyzed. The surface tension is measured using Traube 

stalagmometer, which enables calculating the surface tension of a medium relative to water (γ). The 

measure of viscosity of aqueous solution and microemulsion was performed using an Ostwald 

viscometer. The conductivity measurements were carried out using a Crison conductimeter GLP31 

(University of Barcelona, Barcelona, Spain). The conductivity cell was a model 52-92 (Crison) with Pt 

electrodes and a cell constant of 1 cm−1. The temperature was controlled to ±0.05 °C by a CAT 

temperature sensor, model 55-31 (Crison). Dynamic Light Scattering (DLS) measures of the 

hydrodynamic diameter of microemulsions were determined with a Malvern 4700 Instrument  

(IQAC-CSIC, Barcelona, Spain). The scattering angle of the light respect to the laser beam was set to 

90°, in order to obtain a minimal signal of ~80 Kcounts·s−1. The measurements were made at 25 °C. 

The data was analyzed by the Non-Negative Least-Squares (NNLS) algorithm. The refractive index at 

25 °C was determined with Optilab®, rEX. 

The electrochemical experiments of CoPt deposition were performed at room temperature (25 °C) 

using a three-electrode electrochemical system with Si/Ti (15 nm)/Au (100 nm) substrates or 

polycarbonate membranes (20 µm-thick polycarbonate membranes with 200 nm pore diameters size 

metalized by sputtering with gold on one side), Pt spiral, and Ag/AgCl/1 M KCl as working, counter, 

and reference electrodes, respectively. Vacuum evaporation was used to coat the membranes with 

around a 100 nm-thick gold layer, enabling conductivity. Prior to the electrodeposition, the porous 

template was kept in the different media for 24 h to make the pores hydrophilic for uniform filling of 

the pores. A microcomputer-controlled potentiostat/galvanostat Autolab with PGSTAT30 equipment 

(University of Barcelona, Barcelona, Spain) and General Purpose Electrochemical System (GPES) 

software was used for the preparation of deposits. 

The morphology of the deposited CoPt nanowires was examined by using Transmission Electron 

Microscopy (Hitachi 800 MT, CCiTUB, Barcelona, Spain) and Field Emission Scanning Electron 

Microscopy FE-SEM (Hitachi H-4100FE, CCiTUB, Barcelona, Spain). X-ray analyzer incorporated in 

Leica Stereo Scan S-360 Equipment (CCiTUB, Barcelona, Spain) was used to determine elemental 

composition of the deposits. 

For TEM observation and the test of the CoPt nanowires as electrocatalysts for the methanol 

oxidation reaction, the nanowires were extracted from the polycarbonate membrane. The sputtered 

gold layer was dissolved with I2/I
− solution and the polycarbonate membrane was dissolved with 

chloroform, and washed with chloroform (x3), ethanol (x2) and water (x2). Polycarbonate membranes 

have been selected in order to reduce the possible oxidation of CoPt alloy and the cost of the 

methodology due to the smoother nanowires release treatments (dissolving in organic solvents) than 

the used in alumina membranes, and the much lower cost. To test the behavior of the synthesized 

nanowires, a glassy carbon (GC) electrode (0.071 cm2) was used as substrate for the catalyst (working 

electrode). Previous to each test, the GC electrode was polished with alumina 0.05 µm to obtain a 

mirror finish, and it was rinsed with Milli Q water in an ultrasonic bath. Nanowires were deposited 

onto the GC electrode by means of ink composed of 5 mg of nanowires, 525 µL of water, 175 µL of 

ethanol, and 88.5 µL of 5 wt.% Nafion solution. Five microliters of the ink were dropped onto the 

electrode and dried at room temperature resulting in a homogenous coating. This leads to a final 

catalyst loading of 31.7 µg. In order to clean and activate the electrode surface and to study the 

methanol electrooxidation process, the electrolyte was purged with argon for 30 min to deareate the 
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system, and after the samples were cycled at 100 mV s−1 between −0.21 and 1.2 V until reproducible 

voltammograms were obtained. Methanol electrooxidation was studied by cyclic voltammetry, 

recorded at 100 mV s−1, in a Ar saturated 1.0 M CH3OH/0.5 M H2SO4solution. 

The electrochemically active surface area of each catalyst was calculated using the hydrogen 

adsorption charge from the cyclic voltammogram in 0.5 M H2SO4 at 100 mV s−1. The charge density 

associated with a monolayer of hydrogen atoms adsorbed on polycrystalline platinum (210 µC cm−2) 

was assumed. The active surface area was calculated by integration of the area under hydrogen 

adsorption region and subtracting the double layer contribution. 

All solutions were prepared with doubly distilled water treated with a Millipore Milli-Q system. In 

the manuscript, all potentials are referred to the Ag/AgCl/1 M KCl electrode. 

4. Conclusions 

The use of microemulsions with confined nanometric droplets of ionic liquid dispersed in a 

continuous CoPt electrolytic solution, in the presence of surfactant, has allowed us to grow 

electrolytically mesoporous CoPt nanowires, several microns long, in the channels of gold-coated 

polycarbonate membranes. The insolubility of the ionic liquid in the electrolytic solution causes that 

the electrodeposition occurs only from the aqueous component of the microemulsion. The new 

electrochemical method proposed opens the possibility of easy synthesis of different mesoporous 

micro/nanometric materials (metals or alloys), useful for catalytic applications, without need of 

employing aggressive reducing agents. The size of the droplets in the microemulsion defines the pore 

size of the synthesized mesoporous material. 

The synthesized mesoporous CoPt nanowires present a much enhanced catalytic behavior for 

methanol oxidation reaction in acidic medium, respect to that observed for compact CoPt nanowires of 

the same composition, and comparable to that observed for commercial carbon-supported platinum 

nanoparticles. This fact corroborates the significantly greater surface area of the mesoporous 

nanowires. These nanowires can be a potential alternative for methanol fuel cells, because they 

promote the catalytic activity and reduce costs respect to pure-platinum nanoparticles. 
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be an effective approach to lowering the loading of Pt and

proving its catalytic activity as a consequence of their high
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g a three-electrode electrochemical system with a

ire, PC membrane, and an Ag/AgCl (3 M KCl)

s counter, working and reference electrodes,
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quipment and GPES software) at 25 �C. Prior to the

sition, the PC membranes were immersed 12 h in

t media to assure a uniform filling of the pores.

haracterization

analyse the morphology and structure of the

he sputtered gold layer was etched with I2/I- so-

he polycarbonate membrane was dissolved with

andwashedwith chloroform (x3), ethanol (x3) and

he nanorods morphology was analysed by using

ion Scanning ElectronMicroscopy (Hitachi 800MT)

esolution Transmission Electron Microscopy (Jeol

ray analyser incorporated in a Leica Stereo Scan S-

ent was used to determine the elemental compo-

ermore, to test the electrocatalytic activity for the

xidation and the corrosion behaviour, a glassy

rodewas used as a support inwhich to deposit the

means of an ink with water and 5 wt. % of Nafion

4 0 ( 2 0 1 5 ) 8 0 6 2e8 0 7 0 8063
acturing procedure of the CoPt nanorods implies

eposition of the CoPt in the interior of the chan-

polycarbonate membranes. Therefore, different

ds (nano/mesoporous or compact as a reference)
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ere synthesized using the pure CoPt aqueous solution (100%

f aqueous component - W), and the three microemulsions,

hich are described in the Experimental Section:

▪ Ionic Liquid-in-Water microemulsion (IL/W): 66.5 wt. % of

CoPt aqueous solution, 5.0 wt. % of bmimPF6 and 28.5 wt. %

of Triton X-100.

▪ Bicontinuous microemulsion (b): 55.8 wt. % of CoPt

aqueous solution, 7.0 wt. % of bmimPF6 and 37.2 wt. % of

Triton X-100.

▪ Water-in-Ionic Liquid microemulsion (W/IL): 26.7 wt. % of

CoPt aqueous solution, 11.0 wt. % of bmimPF6 and 62.3 wt.

% of Triton X-100.

In Fig. 1a, the light areas of the cylinders represent the

ifferent synthesis media (the electroactive species are

issolved in the aqueous component in all the cases),

ith their nanostructure, whereas the dark areas repre-

ent the CoPt nanowires synthesized from each system.

he three microemulsions used contain the same surfac-

nt: ionic liquid ratio (RS:IL) and a different CoPt solution

ercentage.

Nanowires were synthesized potentiostatically, by

pplying a potential of �1.05 V and circulating a charge

ensity of 9C cm�2 and by maintaining a semi-stirring

gime (stirring with argon flow of the solution containing

e membrane). As can be seen in the chronoamperometric

urves (Fig. 1b), the electrodeposition time necessary to

irculate the same charge density is very different depending

n the microemulsion structure, varying in the sense

oPt aqueous solution < IL/W microemulsion < b

icroemulsion < W/IL microemulsion. The deposition rate

epends on the conductivity of the system (Fig. 1c), which

creases when the percentage of the CoPt aqueous solution

the microemulsion expands. However, the dependence

eposition rate-conductivity is not linear and the structure

f the microemulsion must also condition the deposition

te.

The composition of the CoPt nanorods synthesized in the

ur systems is practically constant (Co33±2Pt67±2). Therefore,

these semi-stirring conditions, the composition of the

anorods in a W/IL microemulsion does not replicate the

lative proportion of Co and Pt in the aqueous component, as

e observed in the non-stirring deposition of CoPt nano-

articles in a W/IL microemulsion [34,35].

Although the composition is the same for the various CoPt

anorods, their morphology is different in each case. SEM and

RTEM pictures in Fig. 2a show that compact nanowires are

btained in pure aqueous solution (W nanorods). However,

e HRTEM pictures in Fig. 2bed shows that all the nanowires

btained in the microemulsions (IL/W, b and W/IL nanorods)

re porous. The diameters of the obtained nanorods ranged

om 180 to 220 nm due to the non-uniformity of the nano-

hannels of the commercial polycarbonate membranes. The

ngth of the nanorods, with the circulation of the same

harge density, decreases from 4.1 mm for W, 3.7 mm for IL/W,

.4 mm for b and 3.1 mm forW/IL nanorods, showing a decrease

f the electrodeposition efficiency in the same direction as

onductivity (Fig. 1b). The average pore's size varies in the

ense: IL/W > b > W/IL. IL/W nanorods showed a high degree

of poros
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showing non-spherical pores ranging from 60 to

ich seemed larger than expected for the selected

ion system. Careful observation of Fig. 2c

hat there were open mesoporous over the entire

g a similar structure, as Fig. 1a shows. Lastly, the

porosity and homogeneity was achieved by the

btained in the W/IL system, for which small pores

in diameter size, with a narrow pore size distri-

e observed. Therefore, the results demonstrate a

preparation of different nano or mesoporous rods

on the system structure, with a well-defined pore

he nanorod.

ected-Area Electron Diffraction patterns of the

norods can be indexed mainly as the (002), (101),

00) planes of a CoPt-hcp structure (strongly dis-

cp structure). Moreover, some CoPt-fcc (slightly

o-fcc structure) and cobalt oxide (Co3O4) planes

etected [35,36]. However, the hcp:fcc ratio (Rhcp:fcc)

s a result of the gradual decrease in the deposition

/IL to W nanorods (Rhcp:fcc W/IL > IL/W > b>W
A low deposition rate favours the formation of the

line structure.

trocatalytic performance for methanol oxidation

ted in order to analyse the potentiality of our

s a catalytic material. Fig. 3a shows the CoPt

ass-normalized cyclic voltammograms, corre-

o the first stabilization sweep, for all the CoPt

0.5 M H2SO4 þ 1 M methanol solutions. All the

owed two anodic peaks during both the positive

ve sweep, which are typical of the methanol

rocess. The ratio of the currents for the methanol

om the forward scan (jf) to the backward scan (jb)

evaluate the poisoning tolerance of the catalysts

intermediate carbonaceous species accumulated

rode surface during the methanol oxidation in the

anol fuel cell [37e39]. The high jf/jb values of all

Table 1) indicate their good poison tolerance,

y improved compared with that of the commercial

sts. In addition, the methanol oxidation peaks

ing to the nano or mesoporous CoPt nanorods

ease with respect to those obtained using the

anorods prepared in pure aqueous solution (W

The highest mass-normalized current densities of

anorods (924 mA mg�1 of CoPt), which is around

9 times as high as that of IL/W, b andW nanorods,

, demonstrates the three-dimensional meso-

ork. Furthermore, the activity of the W/IL nano-

also higher than that of the commercial Pt/C

mA mg�1 in the same experimental conditions)

te-of-the-art of Pt-base nanomaterials reported

such as mesoporous nanomaterials

e42], nanoplatelets and nanowires [43e45], Pt

es [46,47] as well as other CoPt nanostructures

arameters revealing the quality of the catalysts

t to methanol oxidation are the onset potential of

on process (Eonset) and the value of the mass-

current densities at 0.6 V (j0.6V), which is the

tial applied in the DMFCs. The onset potential

y shifts to negative values (Table 1), which
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Fig. 1 e (a) Schematic representation of the different selected systems (aqueous solution and ionic liquid-in-water,

bicontinuous or water-in-ionic liquid microemulsions). (b) Chronoamperometric curves of the CoPt nanorods obtained at

¡1.05 V in (1) aqueous solution and (2) ionic liquid-in-water, (3) bicontinuous and (4) water-in-ionic liquid microemulsions

in polycarbonate membranes. The currents are normalized by a geometrical area. (c) Deposition rate of CoPt in

polycarbonate membranes and conductivity of the deposition systems with respect to the aqueous percentage, on the same

surfactant: ionic liquid ratio (RS:IL ¼ 5.1).

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 8 0 6 2e8 0 7 0 8065
vourable for methanol oxidation than the non-porous CoPt

anorods or commercial Pt/C catalysts [37e40]. The specific

tivity at 0.6 V of theW/IL nanorods is the highest among the

mples (Table 1), being 9 times as high as that of the non-

orous nanorods. Then, a clear dependence of the catalyst

ficiency on the structure and porosity grade of nanorods is

bserved.

For a further evaluation of the electrocatalytic perfor-

ance of all the CoPt nanorods, the chronoamperometric

rves in 0.5 M H2SO4 þ 1 M methanol solutions were

corded for 3600 s (Fig. 3b). At short times, the samples

ow a rapid decay in the mass-normalized current den-

ties, as a consequence of the initial catalyst poisoning by

termediate species. However, the oxidation current decay

n the W/IL nanorods is significantly slower than for the

state m

times as

rods, an

(Fig. 3c)

present

density

thus de

and stab

The E

nanorod

to the ad

voltamm

value is

nanorod

that logi
-normalized current density (jss), which is 3.3

gh as that of the other nano/mesoporous nano-

2 times as high as that of the compact nanorods

l the prepared nano/mesoporous electrocatalysts

higher steady-state mass-normalized current

n that of the commercial Pt/C catalysts [37e40],

strating their enhanced electrocatalytic activity

y.

trochemically-active Surface Areas (ECSAs) of the

ere obtained by integrating the charge associated

ption and desorption of hydrogen atoms in cyclic

rams recorded in 0.5 M of H2SO4 (Fig. 4). The ESCA

ritical parameter for defining the necessary CoPt

adings in the fuel cell application. Table 1 shows

y, the ECSAs values, which aremuch larger for the
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W/IL nanorods, depend on their structure and porosity grade.

The ESCA values also show that the porous architecture was

w

v

th

th

n

We also investigated the effect of the nano or mesoporous

nanostructure of the different synthesized nanorods, depos-

ea

e (

es.

t af

tat

Fig. 2 e (a) SEM, HRTEM and SAED of W Nanorods. (bed) HRTEM and SAED of IL/W (b), b (c) and W/IL (d) nanorods.
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ell-developed even at the inner parts of the nanorods. The

alues of ECSA of our porous CoPt nanorods are higher than

ose of the mesoporous Pt nanorods, whereas the values of

e compact CoPt are similar to those of the compact Pt

anorods [50,51].

ited by m

electrod

structur

ried ou

steady-s
ns of an ink (water and Nafion) on a Glassy Carbon

GC), on the corrosion resistance of the nano-

The stability test of the electrocatalysts was car-

ter immersing the samples until attaining the

e potential (Ess) in a solution of NaCl (5 wt. %).

http://dx.doi.org/10.1016/j.ijhydene.2015.04.095
http://dx.doi.org/10.1016/j.ijhydene.2015.04.095


Fi

o

þ
co

co

o

o

in

W

h

th

m

s c

se i

e d

cor

sio

ces

uctu

l sy

Fig. 3 e (a) Cyclic voltammograms (recorded at 50 mV s¡1) and (b) chronoamperometric curves (at 0.6 V) for methanol

oxidation catalysed by (A) W, (B) IL/W, (C) b and (D) W/IL nanorods in 0.5 M H2SO4 containing 1 M methanol. (c) Summary on

the specific activities at 0.6 V and steady-state mass-normalized current density at 0.6 V (inset) for all the samples.
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g. 5 shows the polarization curves, in a logarithmic scale,

btained by a linear potentiodynamic sweep from Ess-300 to

300 mV at 0.1 mV s�1. The values (shown in Table 1) of

rrosion potential (Ecorr) were positive, as expected for a Pt-

ntaining alloy, and similar to those obtained for CoPt films

f similar composition [54], which demonstrates the stability

f the nanostructures supported in the Nafion ink. Surpris-

gly, a clear tendency was observed in the order W/IL > IL/

> b > W nanorods, which would be surprising due to the

igher porosity of the W/IL nanorods with respect to that of

eW ones. However, the higher corrosion stability of nano or

esoporous structures in comparison with compact

nanorod

hcp pha

CoPt, th

positive

[54].

Conclu

We suc

nanostr

chemica
Table 1 e Electrocatalysts characteristics.

Nanorods system ECSA/[m2 g�1] Eonset/[V] j0.6V/

W 17.1 0.153

IL/W 45.4 0.055

b 64.8 0.151

W/IL 195.4 0.026
an be justified by the different proportion of the

n each case (Rhcp:fcc) as, for similar composition of

eposits showing hcp structure present a more

rosion potential than those with a fcc structure
ns

sfully prepared different nano or mesoporous

red CoPt nanorods by means of a facile electro-

nthesis, at room-temperature (25 �C), inside the
[mA$(mg CoPt)�1] jf/jb Ecor/[V]

55.3 1.08 0.223

291.8 1.11 0.325

270.1 1.74 0.256

909.9 1.13 0.337
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channels of a commercial polycarbonate membrane, by using
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Fig. 4 e (a) Comparison of cyclic voltammetry curves for W, IL/W, b and W/IL nanorods recorded at room temperature in

0.5 M H2SO4 solution at a sweep rate of 100 mV s¡1. Cyclic voltammograms of (b) W, (c) IL/W, (d) b and (e) W/IL nanorods in

0.5 M H2SO4 solution. The ECSAs are estimated assuming the classic value to oxidize a mono-layer of hydrogen on bright Pt

(210 mC cm¡2) [52], although slight changes in this value have also been proposed [53].

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 8 0 6 2e8 0 7 08068
ifferent microemulsions containing an ionic liquid. In all

ases the nanorods prepared present in all cases high values

f electrochemically-active surface areas, which depend on

e nature of the microemulsion used. The present synthesis

f porous nanowires has remarkable advantages in compari-

on with traditional or more recent proposals due to its

ersatility: the proposed method permits depositing nano or

esoporous nanorods of different metals or alloys using the

escribed ionic liquid based microemulsions, by replacing the

electrol

In ad

ones, e

oxidatio

manipu

due to

tively go

makes

DMFCs.
bath containing the species to deposit.

on, the porous CoPt nanorods, especially the W/IL

ited high electrocatalytic activity for methanol

nd good corrosion resistance, along with a facile

on and recyclability by the anchoring or recovering

r magnetic behaviour. They also showed a rela-

poison tolerance in themethanol oxidation, which

m promising electrocatalysts for application in
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A B S T R A C T

Three strategies have been tested to obtain stable mesoporous CoNi@Pt nanorods with a very high
effective area and good performance for methanol electro-oxidation. They are based on, firstly, an
electrochemical synthesis of the CoNi nanorods using three clearly different systems (micellar solution,
water-in-ionic liquid microemulsion and suspension of polystyrene nanoparticles), and, secondly, a
posterior platinum shell formation by interfacial replacement reaction. The obtained nanorods have been
compared with pure platinum ones prepared following the three methods. The synthesized mesoporous
platinum nanorods already show very good performance for methanol oxidation in comparison with
compact ones or the usual Pt/C catalyzers, but the mesoporous CoNi@Pt nanorods have demonstrated
much better performance for methanol oxidation, due to the more active platinum atoms in the shell of
platinum than in the bulk, the higher good poison tolerance and the lower cost of the material -owing to
the drastic saving in platinum in the nanostructures-. The mesoporous CoNi@Pt nanorods obtained from
the water-in-ionic liquid microemulsion are the best candidates as electrocatalysers because they
provide a significantly higher mass-normalized current density (1326 mA mg�1), a good stability in the
sulfuric acidic medium and significant electrocatalytic stability under continuous operating conditions.

ã2015 Elsevier Ltd. All rights reserved.
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. INTRODUCTION

In the emerging field of nanomaterials synthesis, the metallic
anostructures (nanoparticles [1–3], nanorods [4,5], nanofibers
6,7] and nanotubes [8,9]) are intensively studied due to their
nique properties, from the catalysis or the energy conversion to
iological labeling or the information storage.
In the fields of energy and environmental sustainability, large

fforts are being made in the development of nanomaterials as
lectrocatalysts for Direct Methanol Fuel Cells (DMFCs) [10–13].
hese fuel cells have attracted great scientific interest for their
otential application in electronic vehicles and portable devices,
ue to their low operating temperature, low pollution emissions,
igh power density and easy handling [14–16]. The most efficient
atalysts for both anode and cathode are by far platinum and
latinum-based materials [17,18]. However, the high cost of these
lectrocatalysts, the limited natural abundance of platinum and
he insufficient efficiency hinder the commercialization in large-

scale appl
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* Corresponding author. Fax: +34 93 4021231.
E-mail address: e.valles@ub.edu (E. Vallés).

ttp://dx.doi.org/10.1016/j.electacta.2015.06.069
013-4686/ã 2015 Elsevier Ltd. All rights reserved.
ations. Therefore, there exists a considerable interest in
new effective electrocatalysts (enhancing electro-
tivity and durability and reducing the cost) [19–20].
aterials have been studied as possible electrocatalysts:
nomaterials with non-precious metals or metallic

 Fe, Co, Ni2O3, CoO), Pt nanostructures with high
 different shapes, and non-precious metals or their
23].
etallic alloys with Pt and 3d-transition metals allow a

 the cost of the electrocatalysts and present, moreover,
d electrocatalytic activity for methanol oxidation
OR), as a consequence of the reduction of poisoning
d carbonaceous intermediates [24–27]; however, in
ance the durability of the electrocatalysts, these alloys
h in platinum [28,29]. On the other hand, nano or

 nanostructures of metals have been proposed as
ysts due to their large area per unit of volume and the
f the load of electrocatalysts in fuel cells, with the

 reduction of the cost [30–34]. Lastly, the use of non-
tals or oxides supported in carbon has been proposed
the cost, in comparison with the platinum-based
ysts [35–37].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2015.06.069&domain=pdf
mailto:e.valles@ub.edu
http://dx.doi.org/10.1016/j.electacta.2015.06.069
http://dx.doi.org/10.1016/j.electacta.2015.06.069
http://www.sciencedirect.com/science/journal/00134686
www.elsevier.com/locate/electacta
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Inspired by these proposals, the aim of this work is to develop
lectrochemical procedures for synthesizing different CoNi@Pt
esoporous nanorods as electrocatalysts for methanol oxidation,
y using different strategies. The objective is the preparation of
anostructures with a large area per unit of volume (very porous
anowires), with very low amount of platinum (only a superficial
yer in the core-shell nanorods) and very good catalytic
erformance, because recently some nanostructures of transition
etals with a shell of platinum have demonstrated improved
lectrocatalytic activity than pure platinum ones [38,39]. The
rocedure could accomplish an important reduction of the amount
f platinum in an easy way with excellent catalytic performance.
We propose electrochemical methods to synthesize the very

orous nanorods. The traditional hard-template methods or some
cent strategies based on the use of liquid crystals (with high
iscosity) are not facile procedures to obtain nano or mesoporous
anorods by electrochemical methods [40–43]. However, recently,
ome studies proposed the use of the assembly of surfactant
icelles or microemulsions based on ionic liquids inside the
onfined space of commercial polycarbonate membranes in order

 obtain mesoporous nanorods [44,45]. We propose the possibili-
 of using different systems (micellar solution, water-in-ionic
quid microemulsion and suspension of polystyrene nanopar-
cles) to electrochemically synthesizing very porous CoNi nano-
ds, which will be posteriorly covered with a platinum shell, in
rder to obtain CoNi@Pt mesoporous nanorods with good
erformance for methanol oxidation. We will compare the
atalytic behaviour of these nanorods with that of compact Pt or
oNi@Pt ones. Moreover, we introduce an easy handling tool of the
anorods because the magnetic behavior of the CoNi alloy favors
e anchoring or manipulation of the nanorods by means the use of
n external magnetic field [46,47].

. EXPERIMENTAL

.1. Preparation of the electrodeposition media for the nanorods
nthesis.

Four different systems have been used as electrodeposition
edia in order to obtain different types of nanorods. Herein, we
port the composition and preparation procedure for each system.

 Aqueous solution for the electrosynthesis of compact nanorods:
Pt and CoNi aqueous solution (W) contains 20 mM sodium
hexacloroplatinate (IV) hexahydrate(Aldrich, 98%) and 0.2 M Co
(II) chloride (Carlo Erba, >98.0 %) + 0.9 M Ni (II) chloride(Sigma
Aldrich, >98.0%) + 30 gdm�3 boric acid (Merck, 99.8 %) + 4.5 mM
saccharin (Merck) at a pH adjusted to pH = 4.5 with sodium
hydroxide (Merck, >99%) solutions, respectively. The both
aqueous solutions were freshly prepared with double distilled
water that was afterwards treated using a Millipore Q system
with resistivity of 18.2 MVcm�1. These aqueous solutions were
also used to prepare a water-in-ionic liquid (W/IL) micro-
emulsion and a micellar solution.

 W/IL microemulsion for the electrosynthesis of porous nano-
rods: The W/IL microemulsion was prepared by mixing the
aqueous solution (W), a non-ionic surfactant (S), p-octyl
polyethylene glycol phenyl ether a.k.a. Triton X-100 (Acros
Organics, 98 %), and a ionic liquid (IL), 1-Butyl-3-methylimida-
zolium hexafluorophosphate a.k.a. bmimPF6 (Acros Organics,
98%), in the selected proportions based on the literature (27.0 wt.
% of W, 61.0 wt.% of S, and 12.0 wt.% of IL) [48,49].

 Micellar solution (W+S) for the electrosynthesis of porous
nanorods: The Micellar solution was prepared by stirring the
aqueous solution (W) and a non-ionic surfactant (S),
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A. Serrà et al. / Electrochimica Acta 174 (2
hylene acyl ether a.k.a. Brij 58, in the selected
s based on the literature (1.0 wt.% of S and 99.0 wt.
5].
e nanoparticle suspension (W + PS) for the electro-
of porous nanorods: The reagents in the same
on as in the aqueous solution for both Pt and CoNi
were dissolved in a polystyrene suspension of nano-
anged from 10 to 50 nm. The polystyrene suspension
ed by Magsphere, Inc. This suspension was formed by
of polystyrene nanoparticles (PS), 88.0 wt.% of water,
.% of non-ionic surfactant Sodium dodecyl sulfate (S).

eposition of the nanorods.

ial polycarbonate (PC) membranes (Millipore Compa-
ominal pore size of 100 nm were used to synthesize Pt
norods using the previously described media. In order

 polycarbonate filters as a working electrode, a
layer on one side is necessary. Therefore, vacuum

 was used to coat the membrane on one side with
0 nm-thick gold layer, enabling conductivity. Electro-
brication of the nanorods was performed at room

 (25 �C), with a potentiostat/galvanostat Autolab
quipment and GPES software, using a three-electrode
ical system with the described polycarbonate mem-
iral, and Ag/AgCl/ KCl (3 M) as working, counter, and
ectrodes, respectively. The mass of each membrane
orking electrode was determined under vacuum
efore each electrodeposition. The electrodeposition
de-aerated before each experiment by argon bubbling.
tems were maintained in semi-stirring conditions

 and well-controlled argon bubbling in the bulk
ring the process to promote the electrodeposition.
osition, the samples were dried and weighted several

 more than 7 days until to attain a constant weight in
ditions in order to determine the total mass of the

 nanorods. Then, the samples were immersed for
nto I2/I� saturated solution in order to dissolve the gold
fterwards the polycarbonate membranes were dis-
 chloroform, and washed with chloroform (�10),
), and water (�5).

s Characterization.

s morphology was analyzed by a High-Resolution
n Electron Microscopy (Jeol 2100). An X-ray analyzer

 in a Leica Stereo Scan S-360 Equipment was used to
he elemental composition.

talytic Experiments.

the use of glassy carbon (GC) as a support, it was
efully with 0.3, and 0.5 mm of alumina powder and
milliQ water under sonication. Then, the support was
ry under nitrogen. Then, a 5 mL of ink of nanorods
th water and 0.5% Nafion1was dropped on the surface
electrode and dried under nitrogen before the
ical experiments, resulting in a homogeneous coating.
talyst loading (Pt or CoNi@Pt nanorods, respectively)

 in each experiment. All the electrochemical experi-
 performed at room temperature using a three-
ctrochemical cell with the prepared GC, a Pt spiral and

 (3 M)/H2SO4 (0.5 M) as a working counter, and
ectrodes, respectively.

 630–639 631
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. RESULTS AND DISCUSSION

.1. Synthesis and characterization of the nanorods

We report the different electrochemical approaches in attempt-
ng to synthesize highly mesoporous nanorods in the nano-
hannels of commercial polycarbonate membranes, with a
ominal pore size of 100 nm, by using 1) an assembly of micelles
W + S), which in earlier works was demonstrated to be useful for
reparing mesoporous Pt nanorods in restricted conditions [45], 2)
ater-in-ionic liquid microemulsions (W/IL microemulsions) [46],
nd 3) suspensions of polystyrene nanoparticles (PS NPs) that we
all W + PS. For the synthesis of the CoNi porous nanorods, the W
omponent in each case was a classical CoNi bath. Compact CoNi
anorods were also prepared, using the pure CoNi solution (W).
hese four types of CoNi nanorods were covered with a shell of
latinum to obtain the CoNi@Pt ones and compared with pure
latinum nanorods obtained from each proposed approach. For the
ynthesis of the different Pt nanorods, an electrolyte solution
ontaining only 20 mM of Na2PtCl6 was also used as W component.
oreover, the use of both solutions (concentrated CoNi solution
nd diluted Pt solution) as W component permitted to analyze the
nfluence of the salts concentration in each approach.

The fabrication procedure of the eight types of nanorods is
chematically illustrated in Fig. 1: The pure-platinum nanorods
ere synthesized by electrodeposition at �200 mV from the four
elected systems (W, W + S, W/IL microemulsion and W + PS), being
n this case W the solution containing Pt(IV). The CoNi@Pt
anorods were synthesized in two stages: the electrodeposition, at

solution 

immersio
(1 mM of
galvanic d

Each 

temperatu
the nanoc
attaining 

be seen in
position t
is quite di
significan
processes
was obser
of the ele
difficulty 

membran
Table 1

in the diff
CoNi@Pt 

structure,
being the

The m
character
as shown
from 1.8 

significan

� The ob
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960 mV, of the CoNi nanorods from the four selected systems (W,
 + S, W/IL microemulsion and W + PS) being in this case W the

display a 

to 120 nm

Fig. 1. Schematic representation of the fabrication procedure of
ntaining Co(II) and Ni(II) salts, and after that, the
(for 90 s) of the nanorods in a platinum salt solution
a2PtCl6) in order to form the shell of platinum by
placement under ultrasound stirring.
ectrodeposition process was performed at room
e and in semi-stirring conditions (Ar bubbling), using
nnels of commercial polycarbonate membranes, until
onstant deposition charge density of 9 C cm�2. As can
he chronoamperometric curves (Fig. 2), the electrode-
e until circulating the same deposition charge density
rent depending on the selected system. The process is

 slower in the microemulsion system. In the faster
n W and W + S systems), a fall of the reduction current
d after a certain time as a consequence of the depletion
roactive species near to the growing nanorod and the

 the transport in the interior of the nanochannels of the

ummarizes the composition of the nanorods obtained
ent selected electrodeposition media. In the case of the
norods, the platinum percentage depends on their
hich is a first indication of their different effective area,
aximum value in the case of the W/IL nanorods.
rphology of the nanorods (Pt and CoNi@Pt) is
d by using transmission electron microscopy (TEM)
 Fig. 3. The lengths of the different nanorods ranged
o 2.2 mm. The representative TEM images exhibit
ifferences depending on the preparation approach:

ined nanorods in aqueous solution (W nanorods)

 630–639
compact morphology and a diameter ranged from 90
 (Fig. 3a and b), caused by the non-uniformity of the

 the eight types of nanorods.
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Fig. 2. Chronoamperometric curves of the (a) Pt and (b) CoNi nanowires at �200 and �960 mV, respectively. The currents are normalized by the geometrical area.

Table 1
Selected electrodeposition media and nanorods composition.

System [W]/wt. % [S]/wt. % [IL]/wt. % [PS NPs]/ wt.% Pt/at.% Co/at.% Ni/at.%

W Pt 100 - – – 100 - -
CoNi@Pt 100 - – – 4 56 40

W/IL Pt 27 61 12 – 100 - -
CoNi@Pt 27 61 12 – 8 55 37

W+S Pt 99 1 – – 100 - -
CoNi@Pt 99 1 – – 3 56 41

W+PS Pt 88 2 – 10 100 - -
CoNi@Pt 88 2 – 10 6 54 40

A. Serrà et al. / Electrochimica Acta 174 (2015) 630–639 633
nanochannels in the PC membrane (it can be observed in all the
samples).

 W/IL microemulsions allows obtaining nanorods with a high
density of well-defined non-spherical mesopores all over the
entire area, even at the inner part of the wires, for both Pt and
CoNi solutions (Fig. 3c and d, respectively) forming a random
network structure, as a consequence of the sintering of the
electrodeposited metal inside the aqueous droplets in the
microemulsion structure; the size of the mesopores was
statistically measured to be approximately 2-5 nm.

 Observation of the W + S nanorods for Pt and CoNi solutions
(Fig. 3e and f, respectively) reveals that this approach leads to
mesoporous nanorods of platinum, with a high superficial
porosity, with a pore size ranging from 6-9 nm. However,
compact nanorods, apparently similar to those obtained in
aqueous solution, were obtained in a CoNi classical bath.
Therefore, it seems that the micelle system leads to good results
(mesoporous nanorods) in diluted baths. However, when
concentrated solution was used for the same amount of
surfactant, the micelle system is distorted and it does not
permit the formation of mesoporous structures.

 Finally, the use of polystyrene nanoparticles, with a diameter
ranging from 10 to 50 nm (Fig. 1S), dispersed in the aqueous
solution (W + PS), has been demonstrated as a useful tool to
obtain mesoporous nanorods with a random pore distribution
and a non-uniform pore size distribution between 10 to 40 nm
(Fig. 3g and h), according to the size distribution of the
polystyrene NPs. However, in this case a double mesoporous
nanostructure could be expected as a consequence of the
presence of a surfactant as a suspension stabilizer.

3.2. Elect
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emically Active Surface Area (ESCA) and durability of the

trochemically Active Surface Area of each electro-
s measured by recording the hydrogen adsorption/
eaks in the cyclic voltammetries, in H2SO4 0.5 M, of the
norods synthesized (Fig. 4a and c, for Pt and CoNi@Pt
spectively). Table 2 shows the calculated ECSA values
ctrocatalyst, which follow the tendency compact
< W + PS < W/IL for the Pt nanorods and compact

 W + PS < W/IT for the CoNi ones, as expected from the
. The ECSA values for W nanorods of both Pt and
d W + S CoNi@Pt nanorods exhibit a similar surface
ther Pt nanorods reported in the literature, demon-
r non-mesoporous structure. Moreover, W + PS nano-
nd CoNi@Pt and W + S nanorods of Pt exhibit around
ch surface area as compact nanorods, as could be
ording to the measurements found in the literature for
esoporous structures. Remarkably, both W/IL nano-

nd CoNi@Pt exhibit much higher values than recent
-art Pt-based nanorods (around 10 times more than
orods and 4 times more than other porous structures)
These high ECSA values also reveal that the whole
e nanorods is electrochemically accessible, which is
l for electrocatalytic reactions.
investigated the durability of the electrocatalysts by

 the ECSA values after 200 cycles of treatment in H2SO4

en �0.28 and 1.2 V. It was found that the ECSA values
rocatalyst exhibited only a slight drop (smaller than 6



Fig. 3. Transmission electron micrographs of Pt nanorods prepared in (a) aqueous solution (W), (c) water-in-ionic liquid microemulsion (W/IL), (e) surfactant solution (W + S)
or (g) polystyrene suspension (W + PS) and CoNi@Pt nanorods prepared in (b) W, (d) W/IL, (f) (W + S) or (h) (W + PS).
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Fig. 4. Cyclic voltammetry (first cycle) of different (a) Pt and (c) CoNi@Pt nanorods in H2SO4 0.5 M solutions at room temperature at the scan rate of 100 mV s�1. ECSA values of
different (b) Pt and (d) CoNi@Pt nanorods obtained in the first cycle (colored) and the 200th cycle (non-colored). The ECSAs are estimated assuming that the charge required to
oxidize a mono-layer of hydrogen on bright Pt is 210 mC cm�2.

Table 2
Catalysts characterization and catalytic performance of different prepared nanorods.

System Pt/at.% ECSA/ m2g�1 Ecor/V Eonset/V jmax/mA mg�1 Ep/V j0.6V/mA mg�1 jf/jb

W Pt 100 15 0.70 -0.04 108 0.64 104 1.20
CoNi@Pt 4 17 0.66 -0.01 87 0.51 64 2.89

W/IL Pt 100 228 0.61 -0.18 1285 0.54 1022 1.17
CoNi@Pt 8 224 0.55 -0.17 1326 0.50 1092 1.88

W + S Pt 100 48 0.65 -0.06 399 0.63 381 1.19
CoNi@Pt 3 15 0.67 -0.02 109 0.52 86 2.81

W + PS Pt 100 53 0.64 -0.06 430 0.69 294 1.52
CoNi@Pt 6 41 0.62 -0.04 301 0.51 235 3.26
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anorods, respectively), even in the core@shell structures. These
sults demonstrate that they have a significantly high stability.
urthermore, core@shell structures exhibit a similar behavior than
ure Pt nanostructures.
Unfortunately, the highly acidic environment of an acidic fuel

ell rapidly corrodes any surface accessible of non-noble metals,
sulting in a leaching of the catalyst. CoNi nanorods should be
rotected from corrosion by the Pt shell. Therefore, the shell should
uarantee the durability of our core@shell catalysts. For this
ason, a complete shell of Pt is necessary. However, a too thick Pt
hell could present properties no different than bulk Pt (non-
ynergetic effects) and obviously drive up the price of the catalyst.
owever, synergetic effects could be expected towards the

Pt layer,
could be
W+S an
0.4 nm, 

stability
tendenc
acidic m
respecti
the sam
solution
nanorod
�300 to
corrosio
ecially in CoNi@Pt W/IL mesoporous nanorods, which
imated in 0.1 nm. Furthermore, the Pt thickness of W,
+PS nanorods could be estimated as a 0.5, 0.5 and
ectively. Therefore, in order to demonstrate the
d durability of the electrocatalyst, the corrosion

 the different nanorods synthesized in the aggressive
m were analyzed (Fig. 5a and b, for Pt and CoNi@Pt,
). This stability test was carried out after immersing

 until attaining the steady-state potential (Ess) in a
H2SO4 0.5 M. The log j vs. E curves of the different
btained by a linear potentiodynamic sweep from Ess
00 mV at 0.1 mV s�1, show both the very positive
tential in the aggressive sulfuric medium and the low
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lope of the anodic branch, which reveal the stability of the
anostructures and their low corrosion rate. Table 2 summarizes
he corrosion potential of each nanowire in H2SO4 0.5 M. The non-
issolution of the CoNi@Pt in the sulfuric medium and the similar
esults in the accelerated corrosion test in the acidic environment

part, as c
acidic m
depends 

pure Pt n
structures

Fig. 5. Potentiodynamic polarization curves in logarithmic scale corresponding to (a)
espect to those of pure platinum corroborates the formation of a
omplete shell of Pt in the CoNi@Pt nanorods, even in their inner

the differen
values, as 

ig. 6. Cyclic voltammograms at 50 mV s�1 of (a) Pt and (b) CoNi@Pt nanorods, and chronoamperomet
ethanol oxidation.
ld be expected according to the cycling treatment in
ia described previously. The corrosion potential

 the nanowire morphology and structure, being the
orods slightly more stable than the parallel CoNi@Pt
lthough the corrosion potentials are very positive for

 and (b) CoNi@Pt nanorods in H2SO4 0.5 M solutions.
t nanorods, the mesoporous ones have the lower
could be expected taking into account their

ric curves (recorded at 0.6 V) of (b) Pt and (d) CoNi@Pt nanorods for
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xtraordinary surface area. Moreover, the Pt shell in W/IL nanorods
hould be thinner, as we estimated, compared with that of W, W + S

 W + PS nanorods because the amount of platinum in this catalyst
presents only twice as much as the W nanorods, while the
urface area is 15 times larger.

.3. Electrocatalytic performance of the nanorods

The electrocatalytic performance toward the methanol oxida-
on of our eight types of nanorods was evaluated and compared.
ig. 6a and c shows the electrocatalyst loading mass-normalized
yclic voltammograms of methanol oxidation obtained with the
ifferent nanorods, in which the two characteristic methanol
xidation peaks are identified in the forward (which is ascribed to
e freshly chemisorbed species) and backward (which is ascribed
rimarily to the removal of carbonaceous species that are not
ompletely oxidized in the forward sweep) scans.
In the case of Pt, it is noticeable that the catalytic activity of the
/IL nanorods is significantly higher than that of the other

atalysts, especially in comparison with the compact nanorods. As
an be seen in Fig. 6a, the W/IL Pt nanorods show the highest mass-
ormalized current density (jmax) of 1285 mA mg�1, as a conse-
uence of a three-dimensional interconnected network of plati-
um, rapidly accessible to the reactants, which is around 11.9, 3.2,
nd 3.0 times higher than that of W (108 mA mg�1), W + S
99 mA mg�1), and W + PS (430 mA mg�1) nanorods. Also, for
ese extraordinarily porous W/IL nanorods, an important advance

 the peak potential could be observed, which reveals the very
ood performance for the methanol oxidation. Moreover, we can
ompare the values of the forward anodic peak current density (jf)
nd the reverse anodic peak current density (jb) for each type of
latinum nanorods, because a low jf/jb ratio is used as an indicator
f the CO-tolerance of electrocatalysts in MOR [54]. The jf/jb values
ere always greater than 1, specifically 1.20, 1.17, 1.19, and 1.52 for
, W/IL, W + S, and W + PS platinum nanorods, respectively. The
igher ratio indicates more effective removal of poisonous
arbonaceous species on the catalyst surface.
In the case of the CoNi@Pt core@shell structures, also the W/IL

anorods exhibit a significantly higher catalytic activity in
omparison with the other core-shell catalysts. Moreover, all the
oNi@Pt nanorods, especially the W/IL ones, produce an important
dvance in the methanol oxidation peak respect to the parallel Pt
anorods of reference. Furthermore, the highest mass-normalized
urrent density (jmax) of the CoNi@Pt W/IL nanorods (1326 mA
g�1) is around 15.2, 12.2, and 4.4 times higher than the observed

 W (87 mA mg�1), W + S (109 mA mg�1) and W + PS (301 mA
g�1) nanorods, due to the total mesoporous network. Therefore,
ompact nanorods of both Pt and CoNi@Pt exhibit a similar mass-
ormalized current density than other nanorods described in the
terature. Moreover, the superficial mesoporous structures (W + S
anorods of Pt) and the PS + W of both Pt and CoNi@Pt
anostructures show a higher mass-activity than commercial Pt/
 (250 mA mg�1 in the same experimental conditions). Remark-
bly, the mass-normalized current densities of both Pt and
oNi@Pt W/IL nanorods were also higher than the state-of-the-
rt Pt-based nanorods, or other Pt nanomaterials reported
reviously (around 2 to 6 times more depending on the
anostructure, in the same experimental conditions.) [45,55–57].
The jf/jb values were 2.89, 1.88, 2.81, and 3.26 for W, W/IL, W + S,

nd W + PS, respectively, values far higher than those correspond-
g to the pure Pt nanorods, which reveals that the CoNi@Pt
anorods present a higher good-poison tolerance. Hence the
btained W/IL mesoporous nanorods, especially the core@shell,
ould be proposed as a suitable electrocatalysts due to their
xtraordinary performance respect to the methanol oxidation. The
alues of the onset potential (Eonset), peak potential (Ep), maximum
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-normalized current density (jmax), mass-normalized
sity at 0.6 V (j0.6V) and the jf/jb ratio of all electro-

 listed in Table 2. Accordingly, the peak potentials, the
lized current densities and the jf/jb values of core@-
res show the synergetic effect of the CoNi core in the
lectrocatalysts: the shell formation promotes an
ift in the peak potential, which enhances the catalytic
, because it implies the presence of a thin layer of
Pt atoms, which interact electronically with the
base metal atoms (CoNi) by the contraction of the

 distance or greater Pt 3d orbital vacancies [58–59].
n important reduction of poisoning by adsorbed
s intermediates could be observed in the core@shell
s a consequence of the interaction between de CoNi

 Pt layer [24–26].
, the mesoporous CoNi@Pt core@shell nanorods

 best performance for methanol oxidation in acidic
ause they present the highest amount of superficial Pt
an improved active Pt, which make its promising
sts for the future.

 order to analyze the long-term performance of the
sts toward the MOR under continuous operating
chronoamperometric experiments were carried out.
c shows plots of mass-normalized current densities
recorded at 0.6 V for 3600 s for the different kind of Pt
t nanorods. As can be seen in chronoamperometric
ort testing times, the oxidation current rapidly decays
lectrocatalysts. However, after several minutes the

ay gradually slows down and remains pseudostable,
ng that the electrocatalytic stability under continuous
nditions is higher in both W/IL nanorods of Pt and
mpared with the other prepared catalysts.

IONS

trochemical synthesis in different media (aqueous
ter-in-ionic liquid microemulsion, micellar solution
ion of polystyrene nanoparticles) of CoNi nanorods,

 the formation of a shell of platinum, allowed us to
 compact and mesoporous CoNi@Pt nanorods. The
tem, which is able to form mesoporous pure platinum
oes not permit the formation of mesoporous CoNi
obably due to the destruction of the micellar system in
e of the concentrated solution of CoNi. The best

 as electrocatalyzers for methanol oxidation corre-
the mesoporous core@shell nanorods obtained in
of polystyrene and, especially, in water-in-ionic liquid
ion. These nanorods present a very high active surface
, much more than that of compact nanorods, which
d the porosity both in the surface and in the interior.
e presence of the CoNi core improves the performance
um, inducing high activity in the superficial platinum
nd lower tendency to poisoning during the methanol
erefore, a very high mass-normalized current density

 mg�1, a high jf/jb ratio and a clear advance of the
idation peak respect to pure platinum nanostructures
y mesoporous CoNi@Pt nanorods obtained in micro-
th ionic liquids into a very promising electrocatalyzer
l oxidation in direct methanol fuel cells in acidic
e corrosion curves in sulfuric acid demonstrated the
he core@shell nanorods, which corroborates the good
the CoNi with platinum, and the maintenance of a
urrent of methanol oxidation as a function of time
d durability. The low percentage of the platinum shell
porous nanorods (8 at.%) implies a clear economic
e price of the electrocatalyzer. Finally, the magnetic
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haracter of the nanorods makes it easy to handle the nano-
tructures.
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Figure 1S:  FE-SEM micrographs of polystyrene nanoparticles (scale bar of 100 nm)  
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Although the W/IL microemulsions allowed us to electrochemically obtain, with 

ability to synthesise any metallic material with any composition, mesoporous 

nanowires with good pore definition, high electrochemical surface areas, and 

enhanced catalytic performance towards methanol electro-oxidation, the proposed 

method implies low efficiency (compared with aqueous solution) and significantly 

low deposition rate. For these reasons, we can optimise the synthesis of metallic 

mesoporous nanowires in more conductive and poorly viscous electrochemical media, 

by maintaining pore definition.  

As a first step, an initial study was done using IL/W microemulsion in order to 

prepare mesoporous films, with CoPt3 and Co3Pt stoichiometry, on Si/Ti/Au 

substrates. This first optimisation study was done without confining microemulsions 

inside the nanochannels of membranes in order to verify the effect of only the soft-

template electrodeposition medium in the morphology of the as-prepared 

nanomaterials. The use of IL/W microemulsions was explored, as it seemed more 

consistent to produce such materials; however, the obtained nanowires only exhibited 

an apparent superficial porosity with poor definition in our first study (see pages 214 

– 228), and nanowires with heterogeneous micropores were finally obtained with 

another system (see pages 229 – 238). Importantly, although this initially seems 

somewhat anecdotal, in all cases, nanowires were synthesised in semi-stirring 

conditions (argon bubbling in the bulk of the solution). Our previous studies, when 

nanoparticles were prepared using W/IL microemulsions (see section 5.2.2), in which 

was very important maintain the system in non-stirring conditions; indicate that 

agitation could be a key factor. However, we considered that the possible distortion of 

the template capacity of microemulsion when they were confined inside the 

nanochannels of membranes would not be significant, as the semi-stirring was quasi-

external. Therefore, non-stirring conditions have been tested, which allows 

mesoporous (IL/W microemulsions – systems ME22 and ME23 – and micelle solution 

– system MW7), nanopowdered (micelle solutions – systems MW8 and MW9) and 

compact (aqueous solution – systems W5, W6, W7) films to be prepared. Therefore, it 
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is shown that agitation during the electrodeposition process is revealed as a key factor 

for preparing mesoporous nanomaterials when IL/W microemulsions were used, 

which allows mesoporous films to be obtained with a porosity ranging from 8 to 11 

nm. Moreover, the high proportion of the electrolytic aqueous solution in the IL/W 

microemulsion favours a significant deposition rate, with electrodeposition 

efficiencies comparable to those of aqueous solutions. Lastly, the obtained films were 

tested as electrocatalysers of methanol electro-oxidation, which show excellent 

catalytic performance in alkaline media, with minimal poisoning of the catalyst.  

Therefore, their catalytic performance and the fast, simple, inexpensive and 

environmentally friendly synthesis procedure, make these porous films excellent 

candidates for the commercial exploitation of direct alcohol fuel cells. Moreover, the 

synthesised porous films can be detached from the substrate by thermal shock and 

their magnetic properties (in the case of Co3Pt and CoPt3) allow the easy manipulation 

of the catalysts by magnetic fields. Therefore, IL/W microemulsions, in non-stirring 

conditions during the electrodeposition process, are excellent electrochemical media 

for synthesising mesoporous structures with high electrochemical surface area in 

which the low efficiencies of the process and low deposition rate are overcome.  

In a second stage, it was analysed if the electrochemical media and conditions were 

useful when the microemulsion was confined inside the nanochannels of 

polycarbonate or alumina membranes. We proceeded to synthesise Pt and CoPt3 

mesoporous nanowires (Figure 6.10) with lengths ranged from 3.2 to 3.7 µm and 106 

± 9 nm of diameter using the same explained methodology in section 6.2.2, but 

without semi-stirring conditions and by using IL/W microemulsions (systems ME21 

and ME22). According to our results, mesoporous nanowires of pure metal (Pt) or of 

alloy (CoPt3) with very high electrochemically active surface area (228 and 235 m2 g-

1, respectively) were obtained, as a consequence of the accessible three-dimensional 

interconnected network formed by the mesopores. Lastly, when the prepared 

nanowires were tested as catalysts for ethanol electro-oxidation in alkaline medium, 

an excellent catalytic performance was found, which makes them very good 

candidates as catalysts of the anodic reaction for Direct Ethanol Fuel Cells, with an 

economical saving with respect to pure Pt catalysts. 
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Therefore, our methodology can be considered an excellent and competitive 

electrochemical synthesis route for mesoporous materials, which allows any metallic 

material and composition to be prepared, thanks to its versatility and low cost. 

 

Figure 6.10: Diagram of the optimisation of mesoporous synthesis. Scale bar: 5 nm 

However, the previously presented results have been focused on the synthesis of Co-

based magnetic mesoporous films or mesoporous nanowires with diameters of 100 or 

200 nm. It is important emphasise that microemulsions are slightly more viscous 

systems than aqueous solutions, which could lead to difficulties filling the 

nanochannels and with the electrochemical growth of the nanowires in their interior. 

In aqueous solutions, the electrochemical preparation of thinner, more compact 
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nanowires has been proved, but the growth of thinner mesoporous nanowires by our 

methodology (electrodeposition in IL/W microemulsions) must be demonstrated. 

With this aim, we explored the possibility of using our methodology for preparing 

mesoporous nanowires of 25 nm in diameter. In this case, it is important to note that 

there were two important changes that may affect our system: (i) polycarbonate 

membranes were substituted by alumina membranes; and (b) the nominal diameter the 

nanochannels where microemulsions were confined were significantly thinner, which 

in some cases reached similar values to the hydrodynamic diameter of the ionic liquid 

droplets in the IL/W microemulsion. In order to evaluate whether it is possible to 

prepare mesoporous materials in these conditions with our proposal, nanowires were 

synthesised in aqueous solution and IL/W microemulsions, resulting in nanowires 

with significant morphological differences in all cases (Figure 6.11). Based on these 

results, we can establish that it is possible to synthesise mesoporous nanowires in 

more confined spaces; however, pore size is slightly lower than that observed for 

nanowires of 100 or 200 nm or mesoporous films. Therefore, we think that the 

confined space of nanochannels does not affect microemulsion structure, but despite 

its inherent viscosity, is still a viable electrochemical medium for the preparation of 

such structures.  

 

Figure 6.11: HR-TEM micrographs of (a) compact and (b) mesoporous CoPt nanowires of 25 

nm. Scale bar: 10 nm. 

Thus, the outstanding catalytic performance of as-prepared Co-based mesoporous 

nanostructures in section 6.2 and the fast, simple, inexpensive and environmentally 
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friendly synthesis procedure, make these structures excellent candidates for the 

commercial exploitation of direct methanol fuel cells. This novel approach is a 

significant improvement over the current mesoporous materials synthesised by means 

of electrodeposition used for DMFC/DEFC since: (1) the extraordinary effective area 

of the catalysts due to their mesoporous nature, which facilitates the contact between 

the catalyst and the methanol/ethanol fuel; (2) the economic advantage of using Pt-

poor alloys; (3) the environmentally friendly procedure of synthesis, by using 

microemulsions containing ionic liquids instead of organic components; (4) the 

acceptable durability of the catalysts both in alkaline and acidic aggressive media, 

without damage of the mesoporous structure; and (5) the magnetic properties of the 

mesoporous structures, which can favour their easy manipulation. 
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trodeposition of mesoporous Co–Pt films for
thanol oxidation catalysis in alkaline media†

t Serrà,a Elvira Gómez,a Igor V. Golosovsky,b Josep Noguéscd and Elisa Vallés*a

ed direct methanol fuel cells are attracting increasing interest as environmentally friendly alternative

sources. However, the high price of Pt and the difficulty to prepare favourable morphologies for

is (e.g., mesoporous materials) are hampering their development into feasible products. Here, we

strate a novel approach to efficiently grow mesoporous films of Pt-poor alloys (Co3Pt and CoPt3),

on electrodeposition in ionic liquid-in-water (IL/W) microemulsions. The high proportion of the

lytic aqueous solution in the IL/W microemulsion favors a significant deposition rate, while the

ce of IL drops induces the formation of highly mesoporous films. The mesoporous alloys, with

in the 8–11 nm range, exhibit excellent durability in acidic and alkaline aggressive media,

ining their peculiar morphology. The structures are very efficient for the catalysis of methanol

-oxidation in alkaline media, with minimal poisoning of the catalysts. These results pave the way

elop simple, versatile environmentally friendly fuel cell catalysts to commercialize new viable

ical alternative energy sources.
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as the best catalyst toward methanol oxidation,
ajor technical challenge, slowing down the progress
commercialization.10–12 Therefore, it is essential to
efficient Pt-free or Pt-poor catalysts with enhanced
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anol oxidation and oxygen reduction reactions are
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o reduce or replace Pt, a wide range of active and
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transition metal chalcogenides,18,19 metal oxides,20–22

ordinated complexes, and conductive polymers,23
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elivery).29–33 The traditional approaches for synthesizing mes-
porous structures are based on surfactant/block copolymer
o-templating, hard-templating or colloidal crystal templat-
g.34–37 Recently, so-template systems have also been used as
lectrochemical media for preparing mesoporous structures by
eans of electrodeposition. Interestingly, different electro-
hemical media have been proposed for this purpose (although
ach of them presents some shortcomings): (i) ionic liquids,
hich are overly viscous for preparing nanomaterials,35,36,38 (ii)
urfactant micelles, although this method only allows the
reparation of a limited number of metals39–42 and (iii) water-in-
nic liquid (W/IL) microemulsions, which usually implies low
fficiencies and extremely long deposition times.43,44 Therefore,
iven the drawbacks and limitations of the current approaches

synthesize mesoporous structures by electrodeposition,
xploring new electrochemical media and conditions is crucial
develop versatile, simple and inexpensive fuel cells to develop

iable, environmentally friendly, alternative energy sources.
Here, we present two new electrochemical media to synthe-

ize mesoporous structures of different metals and alloys in an
fficient, easy and fast manner by electrodeposition: surfactant
icelles and ionic liquid-in-water (IL/W) microemulsions. We
emonstrate the effectiveness of this approach by synthesizing
ighly mesoporous lms of different Co–Pt alloys onto Si/Ti (15
m)/Au (100 nm) substrates. Moreover, the analysis of their
lectrocatalytic activity for methanol electro-oxidation in alka-
ne media shows not only that these mesoporous Co–Pt alloys
re very effective towards this reaction, but they also exhibit
very good stability, in both acidic and alkaline media, and
urability. Finally, the magnetic character of the lms allows
em to be easily manipulated by magnetic elds once they are
etached from the substrate.
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ompact, nanopowdered and mesoporous lms of Pt, Pt3Co
nd Co3Pt) was performed by using amicrocomputer-controlled
otentiostat/galvanostat Autolab (with PGSTAT30 equipment
nd GPES soware) at 25 �C with a standard three-electrode cell
ystem. Si/Ti (15 nm)/Au (100 nm) substrates, Pt spiral, and Ag/
gCl/1 M KCl were used as working, counter, and reference
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respectively. To obtain the three different
ies (compact, nanopowdered and mesoporous)
trodeposition media were used: (i) aqueous (W) and
r solutions (M) and (iii) ionic liquid-in-water (IL/W)
sions (Table 1).
ellar solutions were prepared by stirring the corre-
queous solution for each composition with a non-
tant (Brij 58) in a 99/1% ratio (Table 1).39–42

W microemulsions were prepared by mixing the
queous solution with a non-ionic surfactant (Triton
an ionic liquid (IL, – bmimPF6) in an 83.8/15.1/1.1%
1).45–49

in comparison with the traditional hard-templating
hich are tedious due to multiple step synthesis and
e the use of hazardous chemicals to remove the
r other chemical synthesis methods based on the use
ve chemical reducing agents, the proposed growth
e free from harmful materials. Hence, they can be
as greener thanmany previous approaches. Moreover,
its simplicity, the synthesis of mesoporous structures
emical means based on micellar solutions (M) and
-in-water (IL/W) microemulsions is easily scalable to
ge batches of advanced metallic nanostructures.
ctrodeposition media were deaerated before each
by argon bubbling. The deposition of Pt, CoPt3 and
carried out at xed potentials of �0.2, �1.0 and
pectively. Note that the electrodeposition was per-
hout stirring to maintain the structure of each media
process.
r to remove any traces of ionic liquid, aer the
the samples were cleaned in methanol and 0.1 M of
tion. Aerwards, they were thoroughly rinsed with
ater and nally dried carefully using nitrogen gas.

Paper

View Article Online
ion scanning electron microscopy (FE-SEM; Hitachi
20 kV) equipped with energy-dispersive X-ray spec-
DX) was used to analyze the morphology and the
composition of the samples. The morphology of
s lms was also examined by using transmission
icroscopy (TEM; Jeol 2100). A 3D Optical surface
system (Leica DCM 3D) was used to determine the
-ray diffraction (XRD) patterns were recorded using
cal X'Pert-PRO MRD diffractometer with parallel
metry in grazing incidence conguration (1�) using
ation (l ¼ 0.1542 nm). A 2q scan, between 10 and
ed, with a step size of 0.05 and a measuring time of
p. The XRD diffraction patterns were analyzed using
Room temperature hysteresis loops were measured
perconducting quantum interface device (SQUID)
ter (Quantum Design MPMS-XL). XPS spectra of
s lms before and aer the cleaning procedure
ered using a Phoibos 150 analyser (SPECS GmbH)
-high vacuum conditions (base pressure 3 � 10�3

a monochromatic aluminium Kalpha X-ray source
).
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Table 1 Electrodeposition media used to obtain the films with different morphologies

Electrodeposition medium Composition

Deposit

Composition Type

Aqueous solutions (W) W1 Na2PtCl6 20 mM Pt Compact lm
W2 Na2PtCl6 18 mM + CoCl2 2 mM CoPt3
W3 Na2PtCl6 10 mM + CoCl2 10 mM Co3Pt

Micellar solutions (M) M1 1.0 wt% of Brij 58 + 99.0 wt% of Wi W1 Pt Mesoporous lm
M2 W2 CoPt3 Nano-powder
M3 W3 Co3Pt

Ionic liquid-in-water
microemulsion (IL/W)

IL/W2 15.1 wt% of Triton X-100 + 1.1 wt% of
bmimPF6 + 83.8 wt% of Wi

W2 CoPt3 Mesoporous lm
IL/W3 W3 Co3Pt
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lectrocatalytic measurements

he electrochemically active surface area (ECSA) of the Pt-based
tructures was estimated by integrating (taking into account the
ouble layer correction) the charge corresponding to the
ydrogen adsorption/desorption peaks of the cyclic voltamme-
y (CV) proles in 0.5 M of H2SO4 solutions, at a scan rate of
0 mV s�1. The ECSA is oen reported in terms of its specic
urface area (m2 g�1). However, for lms, it is usually given in
rms of its roughness factor (RF), which was calculated by
ividing the obtained ECSA value by the electrode geometrical
rea.51 The short-term stability was evaluated by the accelerated
urability test (ADT),52 which consists of recording at a scan rate
f 100 mV s�1 in 1 M of NaOH solution (working media as
catalyst) for 10 000 cycles, and then recording at a scan rate of
0 mV s�1 in 0.5 M of H2SO4 solution until CV prole stabili-
ation. The electrocatalytic activity was investigated using
three-electrode electrochemical cell by CV measurements,
hich were performed at 50 mV s�1 in 1 M of NaOH + 1 M of
H3OH solutions. The chronoamperometric tests were con-
ucted under the potential of �0.2 V.
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W – 275 s
and IL/W
pected sin
and lower
leading to
W microe
the same
media are
deposition
efficiencie
Pt(IV) in
potential)
lms (chr
efficiencie
signican

From t
different
group Fm
paramete
see ESI a
a FE-SEM
esults and discussion remains co
C
l
ia
C
p

t
e
i
s
s
re
e
e
s
m
(
r

lectrochemical synthesis and characterization

o-rich (Co3Pt) and Pt-rich (CoPt3) lms have been electro-
eposited onto Si/Ti (15 nm)/Au (100 nm) substrates using three
ifferent electrodeposition media: aqueous solutions (W),
icellar solutions (M) or ionic liquid-in-water (IL/W) micro-
mulsions (see Table 1). The chronoamperograms (Fig. 1S in
e ESI†), under non-stirring conditions for both aqueous and
icellar solutions displayed a rapid decay of the initial current,
s a consequence of the depletion of the electroactive species
ear the electrode. However, the posterior gradual moderate
crease in current may indicate a slow increase in the active
rea if, for example, an increase in roughness takes place. The
hronoamperograms of IL/W microemulsions showed lower
itial current than the previous cases, the posterior decay and
quasi-stationary nal current, probably conditioned by the

low transport of electro-active species in the electrodeposition
edia. In fact, the chronoamperometric curves show that
ifferent times are necessary to attain the same deposition

CoPt3 –

Remarkab
tion med
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(i) Com
solutions
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different d
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CoPt3 one

(ii) Loo
and d) we
grain siz
stoichiom

(iii) Me
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structures
high appa

his journal is © The Royal Society of Chemistry 2016
sities (1.6 C cm�2), i.e., the same amount of material:
Co3Pt)/279 s (CoPt3); M – 261 s (Co3Pt)/269 s (CoPt3)
870 s (Co3Pt)/977 s (CoPt3), respectively. This is ex-
e the microemulsions used present higher viscosity
onductivity than the aqueous or micellar solutions,
lower deposition rate. However, although for the IL/
ulsion medium it takes somewhat longer to reach
harge density, the differences between the diverse
ot substantial, as supported by the similar electro-
efficiencies (Table 2), where the electrodeposition
are determined by the concentration of Co(II) and
e aqueous component (at the same deposition
Note that reference compact and mesoporous Pt
noamperometric curves in Fig. 2Sa†) exhibit larger
(Table 2) since in this case hydrogen evolution is
y lower at �0.2 V.
e X-ray diffraction analysis, it can be seen that the
mples grow in a disordered fcc structure (space
m), although with slightly different microstructural
(i.e., lattice parameter, crystallite size and texture –

Table 1S†). Moreover, the EDX inspection, using
shows that the overall composition of the lms
nstant independent of the electrodeposition media:
o25�1Pt75�1 and Co3Pt – Co75�2Pt25�2 (Table 2).
y, the FE-SEM images show that the electrodeposi-
has a dramatic effect on the morphology of the
o–Pt alloys:
act lms (Fig. 1a and b) were formed when aqueous
(W) were used as electrodeposition medium.
he surface morphology of the Co–Pt deposits was
pending on the stoichiometry of the alloy. The Co3Pt
ted a distorted acicular morphology, whereas the
howed a nodular grained morphology.
ely interconnected nanopowdered deposits (Fig. 1c
obtained in micellar solutions (M), with an average
of around 35 � 12 nm, for the two Co–Pt

tries.
oporous lms (Fig. 1e and f) were obtained when IL/
ulsions were used. They are composed of connected
Fig. 3S and 4S†), forming sponge-like structures with
ent surface areas.
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Table 2 Elemental composition, electrodeposition efficiencies (3), and electrochemically active surface area (ECSA)/roughness factor (RF) of the
different Co–Pt structures. *ECSA and RF values for Pt pure films corresponding to a 1st and 300th cycle

Electrodeposition media (Co at%/Pt at%) Deposition efficiency 3/%

ECSA*/RF* m2 g�1/cm2 cm�2

1st cycle 10 000th cycle

Aqueous solution Pt 68 1/2.4 1/2.3
Co3Pt (77/23) 26 3/3.9 2/2.5
CoPt3 (24/76) 19 3/3.4 3/2.6

Micellar solution Pt 69 12/40 11/37
Co3Pt (75/25) 25 37/48 27/35
CoPt3 (25/75) 20 43/49 32/37

IL/W microemulsion Co3Pt (74/26) 19 58/57 40/39
CoPt (27/73) 17 66/64 56/54
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TEM analysis of the mesoporous samples conrms the
rmation of interconnected pore networks with easy accessi-
ility, with an average pore size of around 11 � 3 nm and 8 �
nm for Co3Pt and CoPt3, respectively (Fig. 2).
Notably, the absence of F, N and P peaks (specic to the ionic

quid – C8H15F6N2P) in the XPS spectrum (Fig. 5S†) conrms
e absence of any ionic liquid traces (viscous component) in
e electrodeposited mesoporous lms, aer the cleaning
eatment. Moreover, the analysis of the mesoporous lms by
eans of EDX did not detect any traces of ionic liquid (F, N and
). Note that the cleanness of the samples is critical to make the
ores accessible and thus for the reproducibility of the results.
To conrm the porosity of the lms prepared from IL/W
icroemulsions, the roughness factor (RF) of the different lms
as evaluated from the CV proles (Fig. 3 and Table 2).
emarkably, the RF values of the mesoporous lms show
more than 15-fold increase with respect to the one of the
ompact lms. Moreover, the RF values of the mesoporous lms
ere not only appreciably higher than those of the nanopowder,
ut more than 30% larger than the RF of the reference Pt
esoporous lms. Thus, the high RF values corroborate the
igh porosity of the lms prepared from IL/W microemulsions
bserved by SEM. Moreover, the RF values of the mesoporous
lms (with RF > 50) are higher than the previously reported
alues of other catalysts, such as 2–14 for Pt-transition metal
lloys,26 45 for mesoporous PtCu lms43 and 3.9 for Pd lms.44

Additionally, the durability of the lms in basic media is also
utstanding. As can be seen in Fig. 3 and Table 2, the ECSA
alues of each deposit exhibited only a slight decrease aer the
irculating treatment in an alkaline bath, even in the nano-
owder and mesoporous structures. Remarkably, in terms of
urability, the ECSA values of the compact and mesoporous
o–Pt alloys were comparable with those of the reference Pt
eposits (Fig. 2Sb and ESI†) with equivalent morphologies.
dditionally, the durability of the mesoporous structures is
rther conrmed by FE-SEM aer 300 (Fig. 7S†) and 10 000
ycles (Fig. 8S†). Namely, there is no apparent modication of
e morphology even aer 10 000 cycles. On the other hand, the
anopowdered and compact samples seem to exhibit certain
lustering of the grains and surface reorganization aer cycling.
lso, the elemental composition remains virtually constant
roughout the cycles of the durability testing (inset in Fig. 3e

and f), wh
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h indicates the high degree of alloying of the cobalt
atinum in Co–Pt structures.
previous studies have shown that water-in-ionic

L) microemulsions, under semi-stirring conditions,
l systems for preparing mesoporous materials.44,46

he high viscosity and low conductivity of these
uire deposition times approximately 30 times longer
cessary time to attain the same deposition charge in
lution. This fact limits any practical use of the water-
uid (W/IL) microemulsions as an efficient method-
reparing mesoporous structures.45,46 In contrast, we
e that ionic liquid-in-water (IL/W) microemulsions
nicantly lower deposition times and higher effi-
comparison with the W/IL systems. This signicant
nt arises from the high proportion of the electrolytic
lution in the IL/W microemulsion, which favors an
position rate. On the other hand, the presence of IL
e solution induces the formation of the pores. The
position time, the high porosity and excellent dura-
electrodeposition in IL/W microemulsions a new

xceptionably efficient approach to prepare meso-
s of any metallic material by an easy and environ-
iendly procedure (see Experimental). In fact, the
the synthesis method makes this approach easily
to many other metals and alloys.
appealing feature of the mesoporous alloys

y IL/W microemulsions is that they can be detached
bstrate relatively easily. For sufficiently thick lms
n 200 nm), fragments of the mesoporous deposited
adily loosen from the substrate during the growth.
y, for thinner lms, other methods (like thermal
Fig. 9S†) can be used to free the mesoporous mate-
stingly, the possibility to conveniently separate the
s structures from the substrate opens the door to
e to prepare freestanding mesoporous structures.
in the particular case of CoPt3 and Co3Pt, all the
s, in particular the mesoporous ones, are magnetic
perature (see ESI – Fig. 10S†).53,54 Interestingly, it

hown that the use of magnetic nano-catalysts is
ctive since it facilitates the remote manipulation
etic elds.55,56 Indeed, as shown in Fig. 9S,† their
haracter allows the easy handling of the materials
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with a laboratory magnet once they are detached from the
substrate.

E

T
p
re
F
e
p
ti

appearance of another anodic peak in the reverse scan attrib-
uted to the oxidation of the adsorbed intermediate species

d
a
le
c
,
o
r
e
c

Fig. 1 FE-SEM micrographs of Co–Pt structures prepared on Si/Ti (15 nm)/Au (100 nm) substrates using aqueous solutions (a and b), micellar
solutions (c and d) or IL/W microemulsions (e and f). Scale bar: 50 nm.
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lectrocatalytic performance of Co–Pt structures

he electrocatalytic performance of the Co–Pt structures as
ossible fuel cells was evaluated by the methanol oxidation
action (see Fig. 4 – normalized by the RF values – and
ig. 11S† – normalized by the geometrical area of working
lectrodes). The CV proles exhibit an irreversible oxidation
eak in the forward scan, which is associated with the oxida-
on of freshly chemisorbed methanol, accompanied by the

produced
the fact th
(Ep – Tab
excellent
Moreover
Table 3) c
same expe
in the kin
synergisti

his journal is © The Royal Society of Chemistry 2016
uring the forward scan (Fig. 4a and b). Importantly,
t the oxidation peak appears at negative potentials
3) for the Co–Pt mesoporous lms indicates an
atalytic activity for methanol electro-oxidation.
the negative shi in the onset potential (Eonset –

mpared with the reference Pt structures, under the
imental conditions, shows an obvious improvement
tics of the methanol electro-oxidation, due to the
effect of both the mesoporous morphology and the
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cobalt content.44 Similarly, the peak current densities of
methanol oxidation in the forward (jf) and reverse (jb) scans for
the mesoporous lms are much higher than those for the
n
ta
a
b
fr
p

sites for the electro-oxidation of methanol. Moreover, taking
into account that the ratio between the forward oxidation
current peak (j ) and the reverse one (j ) can be considered as an

ev
m
g

at
a

Fig. 2 TEM micrographs of the Co–Pt structures prepared using IL/W microemulsions and the corresponding pore size distribution. Scale bar:
10 nm.
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anopowder and compact lm catalysts. Actually, it is impor-
nt to note that the activity of the Co–Pt mesoporous lms is
lso higher than that reported for state-of-the-art platinum-
ased structures.57,58 The origin of the enhanced activity arises
om the fact that mesoporous or nanopowder morphologies
rovide a concave metal surface, which offers abundant active

index to
CHOads, a
Table 3 su
only have
anol oxid
species th

810 | J. Mater. Chem. A, 2016, 4, 7805–7814
f b

aluate the tolerance of poisoning species (COads,
ongst others) of each catalyst, the jf/jb values in
gest that mesoporous and nanopowdered lms not
much higher electrocatalytic activity toward meth-
ion, but they also release relatively less poisoning
n the compact lms.

This journal is © The Royal Society of Chemistry 2016
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Moreover, it is worth emphasizing that the chronoampero-
metric curves recorded at �0.5 V for 7200 s (Fig. 4c and d) indi-
cate that the current density of mesoporous and nanopowder

morphologies for both Co–Pt stoichiometries was higher than
that of compact lms in the entire time range, demonstrating
good stability of the catalytic performance. Finally, the turnover

Fig. 3 Test of the durability of the electrodeposited (compact (A), nanopowdered (B) andmesoporous (C)) Co3Pt and CoPt3 films: (a and b) cyclic
voltammetry at 20 mV s�1 in H2SO4 0.5 M and 25 �C (the line corresponds to the 1st cycle, while the shaded area corresponds to the 10 000th

cycle); (c and d) relative change of the ECSA values with respect to the initial value and (e and f) Co at% of the films as a function of the number of
voltammetric cycles (0, 300, 900, 2250, 4500, 6500 and 10 000 cycles). The lines in (c)–(f) are guides to the eye.
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number (TON), which is dened as the number of methanol
m
in
s

considered to be the steady-state current density, and then the
ca

T

Fig. 4 Cyclic voltammograms (normalized by their RF values) at 50 mV s�1 (a, b) and chronoamperometric curves recorded at �0.5 V (c and d)
for Co–Pt compact (A), nanopowdered (B) and mesoporous (C) films in 1 M of NaOH + 1 M of CH3OH.
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olecules that react per catalyst surface site, was also calculated
order to compare the catalytic efficiency of each catalyst.59,60 As

hown in Fig. 4c and d, the current density aer 6500 s could be

TON was
able 3 Catalysis characterization and catalytic performance of different Co–Pt film

lectrodeposition media Pt/at% Eonset/V

queous solution compact Pt 100 �0.523
Co3Pt 23 �0.568
CoPt3 76 �0.572

icellar solution nanopowder (CoPt)
esoporous (Pt)

Pt 100 �0.584
Co3Pt 25 �0.765
CoPt3 75 �0.717

/W microemulsion mesoporous Co3Pt 74 �0.722
CoPt3 27 �0.739

812 | J. Mater. Chem. A, 2016, 4, 7805–7814
lculated according to eqn (1):

ONðmolecules per siteÞ ¼ jss � 6:02� 1023

nF � 1:3 � 1015
(1)

s

jf/mA cm�2 Ep/V jf/jb TON/s�1

0.4 �0.094 2.1 1.4 � 10�3

0.9 �0.048 8.1 0.15
2.0 �0.224 8.0 0.06
2.8 0.005 2.9 0.01
4.0 �0.084 12.1 0.33
4.1 �0.209 10.3 0.26
4.3 �0.223 10.8 0.31
4.8 �0.229 12.0 0.30

This journal is © The Royal Society of Chemistry 2016
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here jss is the steady-state current density aer the 6500 s
rocess, n is the number of electrons produced by the oxidation
f 1 mol of methanol (n ¼ 6), F is the Faraday constant, and the
ensity of the topmost atoms of an ideal Pt(100) surface is about
.3 � 1015 cm�2. The TON values (at �0.5 V), summarized in
able 3, demonstrate the viability of both Co–Pt mesoporous
nd nanopowder morphologies, as they can oxidize more
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2015, 2
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and H.
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aper
ethanol per second with the same number of sites than 11 L. Su, S.
A
e

z
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e
,
, T

a
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C
E
id
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a
O
R

ompact structures or Pt lms. Moreover, the presence of Co
rastically increases the catalytic efficiency of the lms.

onclusions

summary, mesoporous Co–Pt lms with different stoichi-
metries (Co3Pt and CoPt3) have been obtained by a highly
fficient electrodeposition approach based on ionic liquid-in-
ater microemulsions. The mesoporous structures do not only
resent a high degree of porosity, but also excellent stability and
urability in both acid and alkaline media. The diverse lms are
agnetic and can be detached from the substrate, allowing the
asy manipulation by magnetic elds. Interestingly, the meso-
orous lms exhibit an enhanced catalytic activity towards
ethanol oxidation under alkaline conditions, with exceptional
tability and low catalyst poisoning. Thus, their outstanding
atalytic performance and the fast, simple, inexpensive and
nvironmentally friendly synthesis procedure make these
tructures excellent candidates for the commercial exploitation
f direct methanol fuel cells.
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Cronoamperometric curves of the films electrosynthesis
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/Au (100 nm) substrates at 25 oC after circulating 1.6 C·cm-2 in (A) aqueous solution, (B) micellar solution, and (C) IL/W 
microemulsion. Aqueous solution composition component: (a) 10 mM Na2PtCl6 + 10 mM CoCl2 and (b) 16 mM Na2PtCl6 + 4 mM CoCl2 
solutions, respectively. 
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Electrosynthesis, characterization and electrocatalytic properties of the reference Pt samples

Fig. 2S: (a) 
Chronoamperome
tric curves of both 
aqueous (B) and 
micellar solutions 
(A) (both 
containing 20 mM 
of Na2PtCl6) 
obtained at -0.2 V 
on the Si/Ti (15 

nm) /Au (100 nm) substrates after circulating 1.6 C·cm-2. (b)  Cyclic voltammetry of compact (B) and mesoporous (A) pure-platinum 
films in H2SO4 0.5 M solutions at the scan rate of 100 mV s-1. The line corresponds to the 1st cycle while the shaded area corresponds 
300th cycle. Cyclic voltammograms at 50 mV s-1 (c) and chronoamperometric curves recorded at -0.5 V (d) of compact (B) and 
mesoporous (A) pure-platinum films in 1M of NaOH + 1 M of CH3OH. FE-SEM micrographs of as-prepared films - mesoporous (e) and 
compact (f) and after 300 cycles in 0.5 M of H2SO4 - mesoporous (g) and compact (h). Scale bar: 40 nm.
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FE-SEM  and TEM characterization of mesoporous films

Fig. 3S: FE-SEM micrographs of Co3Pt mesoporous films obtained at -1.1 V on the Si/Ti (15 nm) /Au (100 nm) substrates at 25 oC after 
circulating (a) 1.6 and (b) 0.4 C·cm-2 in the IL/W microemulsion. Scale bar: 40 nm.
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Fig. 4S: FE-SEM micrographs of CoPt3 mesoporous films obtained at -1.0 V on the Si/Ti (15 nm) /Au (100 nm) substrates at 25 oC after 
circulating (a) 1.6 and (b) 0.4 C·cm-2 in the IL/W microemulsion. Scale bar: 40 nm.
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XPS spectrum of the mesoporous Co-Pt alloys

Fig. 5S: (a) F 1s, (b) N 1s and (c) P 2p XPS spectra of cleaned (gray) and non-cleaned (blue) mesoporous films. 
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X-Ray diffraction

The fact that in all x-ray patterns the reflections have only odd or even (hkl) values indicates that the samples present a 
face centered cubic (fcc) structure (see Fig. 7S). Moreover, the absence of the (100) and (110) reflections reveals that 
Co and Pt are uniformly distributed through all sites forming a chemically disordered lattice, indicating a Fm3m space 
group rather than Pm3m or P4/mmm, which correspond to the ordered Co3Pt or PtCo3 structures.  The lattice 
parameters are comprised between the fcc Co (3.54 Å) and fcc Pt (3.92 Å), and they mostly cluster between 3.668 and 
3.899 Å.  However, some of the structures (particularly the compact films) are not single phase (see Fig. 7Sa), but 
present additional phases with the same structure, but with different lattice parameters and sizes (see Table 1S). This 
may explain the spread of lattice parameters, although the different amount of defects in the diverse films may also 
contribute to the differences in the lattice parameters. In fact, the slight variation of the lattice parameters in the

 

Fig. 6S. Fitted XRD patterns for the mesoporous (a) CoPt3 and (b) Co3Pt samples. Shown in the inset of (a) is an enlarged view of the 
(100) peak showing the two components of the fit.
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deposits can be justified by the deposition conditions, where the lack of stirring of the solution during the growth of the 
films can induce small variations of its composition throughout the thickness. Therefore, some small differences in the 
parameters of the same crystal structure. This is more evident in the compact films, due to the higher deposition rate. 

All the samples have relatively small crystallite sizes (Table 1S), although the compact films comprise phases with 
somewhat larger crystallite sizes (10.7 nm and 7.9 nm for CoPt3 and Co3Pt, respectively), while the nanopowdered ones 
have relatively smaller ones (2.2 nm and 2.1 nm for CoPt3 and Co3Pt, respectively). On the other hand, the CoPt3 
mesoporous sample has a crystallite size clearly larger (11.3 nm) that the Co3Pt one (2.1 nm). Moreover, the films 
present different preferential orientation (i.e., texture), although there seems to be no clear correlation between the 
composition or the morphology and the texture (Table 1S).

Finally, note that the parameters have been obtained using the simplest possible model of two-phases, although more 
complex scenarios, like compositional gradients, might be possible.

Lattice parameter 
(Å)

Crystallite size 
(nm) Texture

Co3Pt 
3.794(2) – 66%
3.825(2) – 34%

7.9(0.5)
2.7(0.3)

111
Compact

CoPt3 
3.812(2) – 53%
3.856(2) – 47%

10.7(0.5)
4.2(0.3)

100

Co3Pt 3.824(2) 2.1(0.3) 100
Nanopowder

CoPt3 3.709(7) 2.2(0.3) 100
Co3Pt 3.813(2) 2.1(0.3) 111

Mesoporous
CoPt3 

3.820(2) – 73%
3.856(2) – 27%

11.3(0.5)
3.7(0.3)

110

Table 1S. Microstructural parameters obtained from the Rietveld refinement of the XRD patterns. Given in brackets is the statistical 
error.
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FE-SEM characterization of the films after successive acidic and alkaline treatment

Fig. 7S: FE-SEM micrographs of Co-Pt structures prepared on Si / Ti (15 nm) / Au (100 nm) substrates using aqueous solutions (a, b), 

micellar solutions (c, d) or IL/W microemulsion (e, f) after 300 cycles in alkaline media. Scale bar: 50 nm.
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Fig. 8S: FE-SEM micrographs of Co-Pt structures prepared on Si / Ti (15 nm) / Au (100 nm) substrates using aqueous solutions (a, b), 
micellar solutions (c, d) or IL/W microemulsion (e, f) after 10,000 cycles in alkaline media. Scale bar: 50 nm.
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Magnetic manipulation of the detached mesoporous films

Fig. 9S: Flakes of the Co3Pt mesoporous sample collected by a laboratory FeNdB magnet after being deliberately detached from the 
substrate, by dipping the film in liquid nitrogen an quickly warming it to room temperature several times (i.e., thermal shock).
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Magnetic properties

The compact films of both Co3Pt and CoPt3 have a typical behavior of polycrystalline thin layers, where the properties 
are dominated by the shape anisotropy. Namely, the easy magnetization axis (with high squareness, remanent 
magnetization/saturation magnetization, MR/MS) is along the plane of the sample, while the hard axis is perpendicular 
to the film plane (Fig. 11Sa, b). The slightly larger coercivity, HC, of the CoPt3 sample is expected from higher anisotropy, 
K, and lower MS (HC  K/MS) characteristic of disordered (fcc) Co1-xPtx for high Pt contents.1 The nanopowdered films 
have a less well-defined anisotropy, particularly in the case of Co3Pt where no clear easy axis can be observed (Fig. 
11Sc, d), as expected form the disordered arrangement of the particles. In the nanopowder case the properties are 
probably determined by a combination of exchange and dipolar interactions between the particles. Thus, the random 
orientation of the particles makes a more quantitative analysis of the results rather complex. Similarly to the 
nanopowder sample, the mesoporous Co3Pt film does not have a well-defined easy axis either (Fig. 11Se), as expected 
form its random arrangement. However, in this case since, contrary to the nanopowder, the whole structure is 
interconnected, hence, exchange probably dominates the magnetic properties. In fact, the due to the reduced 
crystallite size compared to the compact films, the lower HC observed in this case could be related to the random 
anisotropy model.2 That is, when the crystallites are very small (smaller than the exchange length, lex) and exchange 
coupled but oriented at random the magnetization can no longer follow the easy axis of the grains and the effective 
anisotropy is reduced, leading to a HC decrease.2 In contrast, the mesoporous CoPt3 layer seems to have a 
superparamagnetic behavior at room temperature (Fig. 11Sf), perhaps due to the rather thin walls of the mesoporous 
structure. Although, one cannot rule out a very soft behavior (HC < 5-10 Oe – difficult to measure using SQUID 
magnetometer) again due to the random anisotropy model since given the rather low MS of CoPt3 a rather large lex 
(much larger than for Co3Pt) is expected. A large lex would imply a much more effective averaging of K, leading to a very 
small effective K and hence a low HC. However, given the two-phase character of the mesoporous CoPt3 sample a more 
in-depth analysis is not straight forward.
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Fig. 10S: Room-temperature (300 K) in-plane and out-of-plane hysteresis loop of compact (a, b), nanopowdered (c, d) and 
mesoporous (e, f) Co-Pt films.
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Electrocatalytic performance (referred to geometrical area)

Fig. 11S: Cyclic voltammograms at 50 mV s-1 (a, b) of  Co-Pt compact (A), nanopowdered (B) and mesoporous (C) films in 1M of NaOH 
+ 1 M of CH3OH normalized by geometrical area. 
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Over the past three decades, there has been a burgeoning growth in the area of drug 

delivery, especially in the search for new drug delivery systems (DDS), which could 

maintain the concentration of drugs in the precise sites of the body to improve the 

therapeutic effect and reduce toxicity [68 – 70]. The success of this aim hinges upon 

the capability to incorporate or design nano-carriers with the following 

characteristics: biocompatibility, high loading of desired drug molecules, zero 

premature release, cell type/tissue specificity or site directing/retention ability, i.e. 

magnetically directing and retention, and controlled release of drug molecules with a 

proper rate of release to achieve an effective local concentration [71 – 73].  

Mesoporous materials, especially magnetic mesoporous nanomaterials, which possess 

high surface areas (high potential for drug adsorption), high pore volume and narrow 

mesoporous channels (allows hosting of great amount of pharmaceutical drugs into 

their mesostructure), could be used as reservoirs to store and transport drugs and 

biomolecules, in which the release could be controlled and activated by external or 

internal stimuli, such as heat, pH, light, chemicals, ultrasounds, and magnetism, 

amongst others, resulting in the so-called stimuli-responsive release systems [74 – 

76]. Therefore, mesoporous materials seem ideal candidates for the retention and 

transport of pharmaceutical drugs or other biomolecules, due to the stable mesoporous 

structure and well-defined surface properties, in which small and large molecules can 

be entrapped within the mesopores by an impregnation process, and then liberated via 

a diffusion-controlled mechanism [77, 78]. Moreover, in order to use a wide variety 

of materials that may be interesting to promote stimuli-controlled release, the 

functionalisation of ordered mesoporous materials is extremely important. In this 

sense, it is possible to tune the chemical properties of the mesoporous surface to 

achieve the biocompatibility, and to control the drug adsorption/retention (both within 
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the mesoporous structure and on the external surface) and release depending on the 

grafting organic group chosen [79 – 81].  

Recently, magnetic drug delivery systems have been proposed as promising 

nanocarriers for drug targeting due to their excellent properties, which can be 

concentrated and kept the pharmaceutical drugs at the target site while withstanding 

the drag of the blood by means of an external magnetic field [82 – 84]. Moreover, 

magnetic nanomaterials could be heated or rotated under alternating fields as a 

mechanism for cancer therapy via hyperthermia or the mechanical destruction of 

cells, respectively [85, 86]. Therefore, the use of magnetic materials as nanocarriers 

of pharmaceutical drugs could enhance their therapeutic effect, by both magnetic 

stimuli-controlled release and synergetic effects produced by local heating or the local 

mechanical destruction of cancer cells, and reduce the toxicity, due to their retention 

in a localised site of the body, which allows smart hybrid materials to be created with 

promising advanced properties [85, 86]. Therefore, magnetic mesoporous nanowires 

could be proposed as new smart drug delivery systems with excellent performance as 

a consequence of the unique properties of mesoporous structures and the advantages 

that these offer to magnetic delivery systems.  

 

In this section, as a first step, compact CoNi (65 wt. % of Co and 35 wt. % of Ni) and 

CoNi@Au (37 wt. % of Co, 40 wt. % of Ni and 23 wt. % of Au) nanowires - 3.7 ± 0.4 

µm in length and 110 ± 15 nm in diameter - were synthesised by means of 

electrodeposition in aqueous solution (W1) in order to test their potential for 

biomedical applications. It is important to note that this first study allowed analysing 

the importance of the formation of a gold shell, which was formed by interfacial 

replacement reaction, to minimise the nanowire toxicity and aggregation, and favours 

their surface functionalisation. Moreover, the selected molecule - 11-

Mercaptoundecyl)hexa(ethyleneglycol) - was also particularly important to 

functionalise the nanowire surface, as it promotes biocompatibility and hinders 

magnetic aggregation. According to our first study, functionalised CoNi@Au 
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magnetic nanowires could be proposed as promising vehicles for targeted drug 

delivery. Therefore, we explore the possibility of using compact and mesoporous 

CoNi@Au nanowires as a burgeoning advance in drug delivery systems.  

We proceeded to prepare magnetic CoNi mesoporous nanowires (1.7 ± 0.4 µm in 

length and 107 ± 12 nm in diameter) using ionic liquid-in-water microemulsion 

(ME21) in the confined space of polycarbonate membranes with a channel diameter of 

100 nm, by means of electrodeposition, in order to verify the optimised system and 

conditions presented in section 6.2.3. Then, the obtained mesoporous nanowires were 

immersed in gold salt solution (W10) in order to form a total shell of gold by galvanic 

displacement under ultrasound stirring, resulting CoNi@Au mesoporous nanowires 

(29 wt.% of Co, 31 wt.% of Ni, and 40 wt.% of Au) with a high density of well-

defined non-spherical pores (approximately of 2-4 nm) all over the entire area (see 

page 306), as could be expected according to the large electrochemically surface area 

(186 m2 g-1). As can be seen in Figure 6.12, our aim was to synthesise magnetic drug 

nanocarriers, in which the magnetic character allows their manipulation, 

concentration, and retention in a desired position by means of an external magnetic 

field. Then, nanowires were functionalised with thiol-poly(ethyleneglycol) molecules 

in order to enhance their biocompatibility, to hinder their agglomeration as a 

consequence of their magnetism, and to also retain molecules of Irinotecan (drug used 

in chemotherapy) in both the lattice of the linked poly(ethyleneglycol) molecules and 

in the interior of the mesostructure. Lastly, after studying the drug release, which 

allowed us to verify that mesoporous nanowires had a high drug loading capability 

and their magnetic behaviour allowed the controlled release of the drug, the 

functionalised CoNi@Au mesoporous nanorods were used as drug nanocarriers, in 

cellular systems. We demonstrate that these systems induce significant cell death, 

favoured by the application of an alternating magnetic field, as a consequence of the 

effect of Irinotecan and the mechanical damage of the nanorods under the magnetic 

field effect. Therefore, this synergetic effect, which allows magnetic-controlled 

release and mechanical damage, may dramatically reduce the amount of both the 

nano-carrier and the drug to obtain efficient results respect to carcinogenic cell 

destruction. However, the own functionalised nanowires induce a very low cellular 

death in the absence of the carcinogenic drug or magnetic field applied.  
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Figure 6.12: Schematic representation of the aim of this section.  

However, it is important to note that Co, Ni and CoNi are not really good materials 

for implants, but are cheaper than other noble metals, and have adequate magnetic 

behaviour for our proposal. Moreover, Ni and Co nanostructures have been used for 

biomedical applications, usually covered with organic molecules or metal layers. On 

the other hand, one should consider that the toxicity of such materials is related to 

their concentration (or amount) in biological media and the amount of metal delivered 

for an organism when used in an implant is, in general, much higher than the amount 

that is delivered when it is part of a vehicle for a particular drug. Moreover, some 

metal is the component of implants which remain fixed in the body, while the metal 

which is a component of a carrier is eliminated from the body in a relatively short 

time. Covering the CoNi nanowires with a gold layer avoids the dissolution of the 

metals, i.e. minimises the nanowire toxicity. Moreover, the synthesised nanorods are 

proposed as nanocarriers of drugs in pharmacological treatments such as cancer 

therapy, as, after the functionalisation/retention of drugs, they could be magnetically 

targeted and accumulated in the tumours; therefore, the benefits of the treatment could 

be significant.  
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Page 298: Electrochemical Preparation and Characterisation of Magnetic Core-

Shell Nanowires for Biomedical Applications 

C. Gispert, A. Serrà, M.E. Alea, M. Rodrigues, E. Gómez, M. Mora, M. Ll. Sagristá, 

L. Pérez-Garcia, and E. Vallés. Electrochemistry Communications 63 (2016) 18. 

 

Page 303: Magnetic Mesoporous Nano-carriers for Drug Delivery with Enhanced 

Therapeutic Efficacy 

A. Serrà, N. Gimeno, E. Gómez, M. Mora, M. Ll. Sagristá, and E. Vallés. Advanced 

Functional Materials (Submitted – In revision).  

 

 

 

 

 

 

 

 

 

 

 



Electrochemical Preparation of Mesoporous Nanostructures 

 

 

 - 298 - 

 

 

 

 

 

 

 

 

 

 



S

E
n

C
L
a

b

c

a

A
R
R
A
A

K
E
C
F
C

1

u
n
s
p
t
b
[
(
f

b
m
t
m
n

Electrochemistry Communications 63 (2016) 18–21

N

h
1

Contents lists available at ScienceDirect
Electrochemistry Communications
hort communication

j ourna l homepage: www.e lsev ie r .com/ locate /e lecom
lectrochemical preparation and characterization of magnetic core–shell
anowires for biomedical applications

. Gispert a, A. Serrà a, M.E. Alea b, M. Rodrigues b, E. Gómez a, M. Mora c, M.Ll. Sagristá c,
. Pérez-García b,1, E. Vallés a,⁎

2
Ge-CPN, Dept. Química Física, Institut de Nanociència i Nanotecnologia (IN UB), Universitat de Barcelona (UB), Martí i Franquès 1, 08028 Barcelona, Spain

a b s t

Magnetic
ized to te
tially ele
minimize
layer on
their soft
the gold
ecules, in
and give
means o
out with
10 μg mL

ellular viability

E-mail address: e.valles@ub.edu (E. Vallés).
1 Present address: School of Pharmacy, The University of Nottingh
ottingham NG72RD, United Kingdom.

ttp://dx.doi.org/10.1016/j.elecom.2015.12.006
388-2481/© 2015 Elsevier B.V. All rights reserved.
I s/n, 08028 Barcelona, Spain
Diagonal 643, 08028 Barcelona, Spain
Dept. Farmacologia i Química Terapèutica, IN2UB, UB, Avda. Joan XXII
Dept. Bioquímica i Biologia Molecular, Facultat de Biologia, UB, Avda.
r t i c l e i n f o

rticle history:
eceived 23 October 2015
eceived in revised form 4 December 2015
ccepted 8 December 2015
r a c t

CoNi@Au core–shell nanorods have been electrochemically synthesized, characterized and functional-
st their inherent cytotoxicity in order to assess their potential use for biomedical applications. The ini-
ctrodeposited CoNi nanorods have been covered with a gold layer bymeans of galvanic displacement to
the nanowires toxicity and their aggregation, and favour the functionalization. The presence of a gold

the nanorod surface slightlymodifies themagnetic behaviour of the as-deposited nanorods, maintaining
-magnetic behaviour and highmagnetization of saturation. The complete covering of the nanorodswith
shell favours a good functionalization with a layer of (11-Mercaptoundecyl)hexa(ethylene glycol) mol-
order to create a hydrophilic coating to avoid the aggregation of nanorods, keeping them in suspension
them stability in biological media. The presence of the organic layer incorporated was detected by
f electrochemical probe experiments. A cytotoxicity test of functionalized core–shell nanorods, carried
adherent HeLa cells, showed that cell viability was higher than 80% for amounts of nanorods up to
−1. These results make functionalized nanorods promising vehicles for targeted drug delivery in medi-
ich gives a complementary property to the magnetic nanoparticles.
vailable online 15 December 2015

eywords:
lectrochemical synthesis
ore@shell magnetic nanorods
unctionalization
cine, wh

© 2015 Elsevier B.V. All rights reserved.
n b
fav
rod
cor
unc
EG)
he m
ent
Ni@

me

rod
pe
ftw
efer
ano
hick
ora
on
. Introduction

Electrochemical methods have been recently demonstrated as very
seful for the synthesis of metallic nanostructures as nanoparticles,
anotubes or nanorods [1–2], which have been applied in catalysis [3],
ensing [4] or computer science [5]. On the other hand, magnetic nano-
articles, especially of iron oxides, are being used in biomedicine for
reatment as hyperthermia or drug delivery [6–9]. Recently, the possi-
ility of using nickel nanowires in biomedicine has been also proposed
10–12]. In the present work we propose the test of CoNi@Au nanorods
NRs), of a few microns of length, as magnetic supports that could be
unctionalized and show little cellular toxicity.

CoNiNRs present highmagnetization of saturation and chemical sta-
ility, being good magnetic vehicles for the transport of therapeutic
olecules. Moreover, the shape of these nanostructures can present

he advantage, respect to nanoparticles, of improving the therapeutic
olecules/vehicle ratio. However, structures of less than 5 μm and
anometric diameter will be prepared, in order to permit their
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to make hydrophilic their surface, minimize the aggrega-
agnetic nanorods and favour the interaction with the
in the culture. The viability of HeLa cells in the presence
Au-MHEG NRs will be analysed.

ntal

preparation and electrochemical tests were carried out at
rature using a potentiostat/galvanostat Autolab PGSTAT30
are), and a cell with three electrodes, being a Ag/AgCl/KCl
ence and a platinum spiral the auxiliary electrode.
rodswere prepared inMillipore polycarbonatemembranes
, 100 nm nominal pore size diameter), metalized by vacu-
tion (in IMB-CNM.CSIC of Barcelona) with gold (100 nm-
e side, using a CoCl2 0.2 M + NiCl2 0.9 M + H3BO3 0.5 M,
tion. The synthesized nanorods were exhaustively cleaned
. The gold layer formation was carried out by means gal-

cement, by immersing the nanorods in a HAuCl4 2.9 mM
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lution at different times. The complete formation of the gold shell was
sted by placing some nanorods in a vitreous carbon electrode (2 mm
iameter) and testing their voltammetric response in a H2SO4 0.5M so-
tion. In all cases, argon flow was used before each experiment, main-
ining argon atmosphere during the study. The solutions were always
repared with Millipore MilliQ water (18.2 MΩ·cm−1).
The nanorodswere examined bymeans of a Field Emission Scanning

lectron Microscopy FE-SEM (JSM-7100F). An X-ray analyser (EDS) in-
orporated in a Leica Stereo Scan S-360 Equipment was used to deter-
ine the elemental composition. The magnetic behaviour was
nalysed by means of a SQUID magnetometer at 300 K.
To improve the solubility and biocompatibility of the nanorods,

50 μg of nanorods was functionalized with 1 mL of 8 mMMHEG solu-
on in ethanol overnight, with shaking at room temperature. The nano-
ds were then washed with equal volume of ethanol 3 times with
nication for 5 s. The presence of MHEG molecules on the CoNi@Au
Rs has been corroborated by means of electrochemical probe experi-
ents, by recording cyclic voltammetries of the Fe(II)/Fe(III) system
a KNO3 0.2 M + 2 mM K4[Fe(CN)6] + 2 mM K3[Fe(CN)6] solution
CoNi@Au and in CoNi@Au-MHEG NRs. For each experiment, 2.5 μL

f a NR suspension (15 μg in 1 mL of a water–ethanol mixture) was
ropped on the surface of a glassy carbon (GC) rod (0.031 cm2 of diam-
ter) and dried under nitrogen.
HumanHeLa cervical adenocarcinoma cells (ATCC CCL-2) were used
test the cytotoxicity of nanorods. HeLa cells were cultured at 37 °C in
humidified sterile atmosphere of 95% air and 5% CO2, using complete
rowth medium (DMEM) supplemented with foetal bovine serum
0% v/v), glucose (4.5 g L−1), L-glutamine (292 mg L−1), streptomycin
lfate (50 mg L−1) and potassium penicillin (50,000 U L−1). All the
edia, sera and antibiotics were provided by Gibco-Life Technologies
aisley, UK). Cells were seeded in 96-well plates (3300 cells well−1,

una Automated Cell Counter) and grown up to 70–85% confluence.
ells were then incubated with different concentrations of CoNi@Au-
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HEG nanorods (from 0.003 to 52 μg mL−1) for 24 h. Cells incubated real diameter

g. 1. (a) Representative chronoamperometric curve and FE-SEM pictures of CoNi and CoNi@Au NRs; scale bar:
metry at 100 mV s−1 of the nanorods in a H2SO4 0.5 M solution.
plete medium in the absence of nanorods were used as
incubation, themediumwas discarded, cells werewashed
ith cold PBS and incubationwas followed for 24 additional
resh culture medium. Cell viability was determined by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-
T, Sigma-Aldrich) assay. Briefly, the remaining HeLa cells
ted with 0.05 mg MTT mL−1 in complete DMEM for 3 h.
was discarded, formazan crystals were solubilized with
nd formazan concentration was determined by absorption
nm (microplate reader SynergyMx™, BioTek Instruments,
ility was determined by the ratio between the absorbance
ls and that of non-treated cells (control, 100% viability).

d discussion

col for the nanorod preparation was the following: 1) de-
of the mass of the membrane, 2) immersion of the mem-
er during 24 h, 3) electrodeposition of the CoNi NRs in
solution at −1.0 V and deposition charge of 4.4 C for a

rea of 3.1 cm2 andaporosity of the13.8%, 4) determination
f the membrane containing the nanorods, 5) removing of
r of themembranewith a saturated KI3 solution, 6) remov-
mbrane and cleaning (10×) of the nanorods with chloro-
reproducibility was obtained in successive synthesis,
Fig. 1a a representative chronoamperometric curve of the
ition. The shape of the curve reveals the initial nucleation
f the CoNi on the gold in the bottom of the membrane's
posterior decay due to the depletion of the electroactive
f the growing nanorods and a final stabilization of the cur-
stationary regime of transport of the electroactive species
r of the channels is attained.
pictures of the as-deposited nanorods show their dimen-
od definition. CoNi NRs of 65 wt.% of Co, 110 ± 15 nm of

19(2016) 18–21
, 3.7± 0.4 μmand around 34 of aspect ratio were obtained

1 μm. (b)Magnetic behaviour of the two types of NRs and (c) cyclic volt-
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Fig. 1a). These nanorods were immersed in the Au(III) solution for dif-
erent times in order to obtain a complete gold layer on their surface.
he necessary immersion time to cover all the rods was determined
ymeans of cyclic voltammetry of the CoNi@Au NRs in the H2SO4 solu-
ion: A drop of a NR suspension inwater–ethanolmixturewas placed, in
ach case, on the top of a GC electrode and dried slowly with a nitrogen
urrentflow. The GC-CoNi@AuNR electrodewas introduced in the acid-
c solution and successive cyclic voltammetrywas performed.When the
oNi NRs were not protected with the gold layer, after 5 min of immer-
ion in the H2SO4 solution, the NRs disappear, etched by the acid, and
he voltammetry shows the response of the GC (Fig. 1c, green line).
hen the gold layer is not complete, the NRs are also dissolved. Only
hen the gold layer completely covers the NRs, they (now CoNi@Au)
re really protected, even in H2SO4; in this case, the typical profile of
old in sulphuric solution is obtained (Fig. 1c, blue and black lines),
ven during a high number of scans (more than 20). Therefore, the
oltammetric technique allows determining that an immersion time
f 8 min assures a complete gold layer on the surface of the nanorods.
he stability of the CoNi@Au NRs in the aggressive medium supposes
he stability of the rods in a less aggressive (cellular) medium. More-
ver, the presence of the gold layer is detected by EDS. Fig. 1 also
hows the composition of the nanorods, before and after the gold recov-
ring. The Au percentage value corresponds to an estimated gold layer
f 1.6–2.1 nm.
The magnetic behaviour of the NRs (CoNi and CoNi@Au) was

nalysed and compared. In both cases, they show a ferromagnetic be-

value of
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aviour, tending to soft-magnetic, with low differences in the curve
hape due to the presence of the gold diamagnetic layer (Fig. 1b). The
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ig. 2. (a) CoNi@Au NRs functionalized with (11-Mercaptoundecyl)hexa(ethylene glycol)
nd functionalization test by electrochemical probe at 100mV s−1. (b) HeLa cells viability
fter incubation with functionalized CoNi-MHEG and CoNi@Au-MHEG NRs at various
mounts for 24 h, followed by 24 h additional incubation with fresh culture medium.
e magnetization of saturation of the CoNi NRs was
, whereas it only slightly decreases to 68 emu g−1 for the
s, due to the contribution of the gold layer to the total
oercivity values vary from 150 Oe for the CoNi NRs to
e CoNi@Au NRs and, therefore, CoNi@Au NRs are highly
d easily manipulated by the action of a magnetic field,
e layer of gold, which makes them promising nanostruc-
gnetic drug delivery or magnetic therapies.
@Au NRs were easily functionalized through the formation
embled monolayer by the interaction of thiolate groups,
HEG, with the gold surface, as reviewed elsewhere [13].
we chose MHEG because ethylene glycol units improve
of the nanostructures in water as well as their biocompat-

resence of MHEG molecules on the CoNi@Au NRs has been
by means of electrochemical probe experiments, by re-

c voltammetries of the Fe(II)/Fe(III) in both CoNi@Au and
EG NRs (Fig. 2a).

city of the CoNi@Au-MHEG nanorods was assessed by
ells, and compared with that of the CoNi-MHEG. Cell vi-
valuated after their incubation with different nanorod
ns for 24 h and a posterior post-incubation for another
resh culture medium. Results (Fig. 2b) show that the
fect is concentration dependent: the cell viability is
two types of NRs (greater than 80%) until 10 μg mL−1

, but when the quantity of nanorods is increased to
, the cell viability decreases. These results suggest that
u-MHEG magnetic nanorods have suitable biocompati-
sed in biomedical applications. Co-based materials are
selected for implants in biomedical applications, due to
ial toxicity; however, their protection with gold and or-
ules makes them potentially useful as drug delivery ro-
rapies as cancer treatment. Moreover, the amount of
ered to an organism when it is used as drug carrier is
the carrier is usually eliminated from the body in a rel-
time. Therefore, CoNi@Au nanostructures could be pro-
mising magnetic nano-carriers for cancer treatments.

ns

magnetic nanorods with good biocompatibility and easy
tion were synthesized. The CoNi NRs are highly magnetic,
gnetic behaviour and easymagnetic manipulation (fast re-
e magnetic field applied). The simple immersion of the
an Au(III) solution during a controlled time leads to the for-
very thin layer of gold on their surface (few nanometers),
s to the magnetic structures: 1) chemical stability, making
nt to aggressive media, 2) maintenance of the magnetic
n of the nanorods, 3) biocompatibility and 4) ease to
e. The CoNi@Au nanorods have been functionalized with
toundecyl)hexa(ethylene glycol), thus forming a hydro-
which helped decrease the magnetic aggregation of the
nd that will be useful for conferring them long circulating
good cellular viability of HeLa cells (N80%) was obtained
anorodsmL−1, which suggests that the prepared nanorods
r used for anchoring drugs, and for drug targeting and de-
g them very promising magnetic vehicles for therapy.
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Magnetic mesoporous nanocarriers for drug delivery with improved therapeutic 
efficacy 

Albert Serràa, Núria Gimenoa, Elvira Gómeza, Margarita Morab, Maria Lluïsa Sagristàb, and Elisa Vallésa,* 
a
 Grup d’Electrodeposició de Capes Primes i Nanoestructures (GE-CPN), Departament de Ciència de Materials i Química Física and Institut de Nanociència i 

Nanotecnologia (IN
2
UB), Universitat de Barcelona, Martí i Franquès 1, E-08028, Barcelona, Catalonia, Spain. 

b
 Departament de Bioquímica i Biologia Molecular, Facultat de Biologia, Universitat de Barcelona, Avinguda Diagonal, 643, E-08028, Barcelona, Catalonia, 

Spain. 

Mesoporous CoNi@Au core@shell nanorods were synthesized as magnetic drug nanocarriers by electrodeposition using ionic liquid-in-

aqueous microemulsions. Mesoporous nanorods present a highly effective area (186 m
2
 g

-1
) and magnetic character that allows their 

manipulation, concentration and retention by applying a magnetic field. The nanorods have been functionalized with thiol-

poly(ethyleneglycol) molecules and molecules of Irinotecan (CPT-11), a drug used in chemotherapy, were retained in both the lattice of the 

linked thiol-poly(ethyleneglycol) molecules and inside the interconnected nanorods pores. The nanorods’ mesoporous character allowed a 

high drug-loading capability and magnetic behavior that allowed the drug’s controlled release. A high cellular viability of HeLa cells was 

obtained after their incubation with the nanorods functionalized with thiol-poly(ethyleneglycol). However, when the nanorods functioned 

as carriers for CPT-11, significant cell death was occurred when the HeLa cells were incubated with the functionalized, drug-loaded, 

nanorods. Cell death also occurred by applying an alternating magnetic field, given the effect of both the carrier’s CPT-11 release and the 

mechanical damage of cells by the nanorods under the magnetic field effect. Our proposal to used mesoporous magnetic nanorods as drug 

carriers could thus dramatically reduce the amounts of the nanocarrier and the drug needed to efficiently destroy cancer cells.  

 

Introduction 

Different types of nanomaterials - polymeric micelles, dendrimers, 

liposomes, nanoparticles, and nanorods, among others- have been 

proposed as drug delivery systems (DDSs) and, in recent decades, 

have been studied extensively as powerful tools to improve 

therapeutic efficacy. [1] More recently, intensive research has 

sought to design novel smart nanocarriers of drugs to control 

therapeutic outcomes, target modalities toward specific diseases, 

and minimized side effects.[2]  The effect of the drug delivery system 

on the activity, localization, and tumor accumulation of different 

drugs has been investigated. Thus, we have already procured 

liposomes, micelles and other solubilizing products to carry 

photosensitizers for photodynamic therapy and camptothecins for 

chemotherapy, and their usefulness has been assessed by using 

healthy and cancerous cell lines, for in vitro experiments, and 

DBA/2 tumor bearing mice, for in vivo assays. [3] By extension, 

researchers have also explored using environmentally responsive 

smart nanocarriers that can improve pharmacological efficacy due 

to physicochemical changes that occur during exposure to external 

stimuli. These stimuli, which can be combined to further enhance 

pharmacologic activity, include light, temperature, ultrasound, 

magnetic field, electrical field, and chemical signals such as pH, ionic 

strength, redox potential, and enzymatic activities. [4] Using 

nanocarriers combined with external or internal stimuli improve the 

control of drug delivery over that of traditional release systems in 

vivo (i.e., passive delivery programed prior to implantation) that 

cannot be modified when the needs of therapeutic change. As such, 

nanomaterials have the potential to revolutionize the diagnostic 

and therapy of cancer, one of the world’s most devastating 

diseases. They could be of particular use with colorectal cancer 

(CRC), the third most common cause of cancer deaths among both 

men and women in the United States and Europe, as well as the 

second most common lethal cancer overall. [5]  

Current cancer treatments involve surgical intervention, radiation, 

and chemotherapy, typically accompanied by toxic side effects that 

limit the drug dosage that can be given to a patient, since not all the 

tumor tissue can be exposed to a lethal dose of the drug. [6] In the 

last decade, several new cytotoxic agents have been explored for 

colorectal cancer treatment. Among them, irinotecan (CPT-11), a 

water-soluble semisynthetic camptothecin derivative of the 

Topoisomerase I family of interactive compounds, is used in current 

chemotherapy protocols for a range of tumor diseases. [7] Such 

findings are important, because using nanostructured materials as 

carriers can significantly improve the pharmacological properties of 

drugs, by encouraging the drug’s accumulation in the target tissue. 

Their unique properties can also enhance therapeutic efficacy with 

the application of specific external stimuli, which as triggers in drug 

delivery systems enable a spatially, temporally, or even 

spatiotemporally controlled release that  can play a major role in 

sustained release systems. [8]  
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At the same time, designing carriers capable of selectively releasing 

their payloads at target sites in the body has special relevance in 

drug delivery systems. Special attention was given to receptor 

mediated delivery systems, in particular, those targeted to folate 

receptor that has been shown to increase the uptake of the 

entrapped drugs by folate receptor positive cells. 
[9] 

In that context, 

magnetic nanocarriers represent a promising opportunity because 

they can be concentrated and kept with an external field. 
[10]

 In 

recent years, increased efforts have been put toward developing 

magnetic nanomaterials for nanobiomagnetic applications, 

including the use of magnetic resonance imaging contrast agents, 

targeted drug delivery, bioseparation, and magnetically induced 

hyperthermia. 
[10, 11] 

Those applications are possible because 

magnetic nanomaterials, especially magnetic nanoparticles, can be 

remotely manipulated by magnetic fields. Crucial to such biological 

applications is a quasi-zero magnetization remanent state, which 

prevents the magnetic agglomeration of nanomaterials by virtue of 

their interaction with remanent moments, which in turn stabilizes 

the nanomaterial’s suspension. 
[12]

 By extension, surface 

functionalization could be used to minimize their aggregation. [13] 

Via hyperthermia or mechanical destruction of cells, magnetic 

nanomaterials can furthermore be heated or rotated, respectively, 

under alternating fields during cancer therapy. [14] Altogether, the 

integration of magnetic materials with biological molecules into 

chemotherapy can generate smart hybrid materials with promising 

advanced properties.  

Herein, we propose the synthesis of magnetic mesoporous 

CoNi@Au core@shell nanorods, 100 nm in diameter and 

approximately 2 μm in long, by electrodeposition using ionic liquid-

in-aqueous solution (IL/W) microemulsions that can be used as 

smart drug nanocarriers. The objective of this study was to obtain 

intelligent drug nanocarriers that met four criteria: First, nanorod 

shape and high density of interconnected mesopores needed to 

offer a surface area conducive to supporting high quantities of 

drugs. Second, magnetic actuation needed to radically enhance 

therapeutic efficacy by allowing easy manipulation, magnetic 

targeting, mechanical destruction and better control of drug release 

by way of high saturation magnetization (Ms) and low remanence 

(Mr). Third, low cytotoxic effects and high biocompatibility were 

needed to achieve high cellular viability in the presence of carriers. 

Fourth, the nanocarriers needed to demonstrate ease of 

functionalization, retention, and release of drugs. To test the 

applicability of nanocarriers, the CPT-11 drug was analyzed for its 

retention and posterior release from the nanocarrier, in magnetic 

stirring and non-stirring conditions. The high surface area and the 

high drug-loading capability of the CoNi@Au mesoporous nanorods, 

the controlled release of the drug by means of a magnetic field, the 

uptake of the nanorods in the interior of the test HeLa cells and the 

cellular death of the test cells by both the release of the 

carcinogenic drug and the mechanical destruction of the cells by the 

rotating magnetic field applied make the new nanostructures 

excellent candidates for increased therapeutic efficiency. In sum, 

the findings of our study could contribute to reducing the amount 

of drug nanocarriers in a therapeutical treatment and thus bringing 

about more efficient carcinogenic cell destruction.  

Results and Discussion 

This paper presents the possibility of using magnetic compact or 

mesoporous nanorods as nanocarriers for drugs. In biomedical 

applications, nanorods offer advantages over other magnetic 

nanostructures, including higher magnetic moments per unit of 

volume and larger surface-to-volume ratios, especially in the case of 

mesoporous rods. Although Fe and Ni nanorods have been 

proposed for some biomedical applications, 
[15]

 we propose using 

CoNi@Au nanorods, largely because they present high Ms and 

improved chemical stability. 
[13b, 16] 

In doing
 
so, we acknowledge the 

well-known fact that the toxicity of such materials, dependent on 

their contents in biological media, is extremely low and can be 

eliminated from the body in a relatively short time. 
[10]

 Moreover, 

the formation of a gold shell over the entire surface of the nanorods 

prevents the dissolution of the metals, while the functionalization 

of core@shell nanorods with long PEG molecules makes them 

hydrophilic and minimizes their aggregation. Ultimately, we 

propose the synthesis of new nanorods as drug carriers for 

pharmacologic treatments in cancer therapy. Along with the 

functionalization of drug-loaded nanorods, using these devices 

would make it possible to deliver specific drugs to tumor tissues by 

way of a magnetic field, which would dramatically increase the 

benefits of treatment  

NANO-CARRIERS FABRICATION AND CHARACTERIZATION 

Electrodeposition in potentiostatic conditions was used as a 

synthetic route for preparing mesoporous and compact nanorods, 

using microemulsions with ionic liquids and aqueous solutions as 

electrochemical media, respectively. [17] After synthesis and 

washing, the magnetic nanorods were immersed in a gold salt 

solution to form a gold shell by galvanic displacement under 

ultrasound stirring. Synthesis is illustrated in Figure 1. We combined 

the use of a soft template (i.e., microemulsion) for pore definition 

and a hard template (i.e., polycarbonate membranes) for nanorods 

growth in order to control of the length, diameter and pore size by 

way of controlling the deposition time, hard template type, and the 

microemulsion structure, respectively. Notably, this method affords 

mesoporous or compact nanorods of numerous metallic and 

compositions, all by controlling the composition of the aqueous 

solution and selecting the deposition potential.  

Earlier, to electrodeposit nanorods inside the polycarbonate 

membranes, we analyzed the electrodeposition process in the three 

electrochemical media: microemulsion (i.e., to obtain mesoporous 

nanorods), aqueous solution (i.e., to obtain compact nanorods) and 

an aqueous-surfactant mixture (i.e., to understand the surfactant 

effect). It is possible electrodeposit CoNi from the three types of 

electrochemical media (Supporting Information) inside the 

nanochannels of polycarbonate (PC) membranes, which also allows 

the selection of the most adequate deposition potential in order to 

ensure the desired composition and deposition rate. The 

voltammetric study (see Supporting Information) of the CoNi 

system reveals a different voltammetric profile in presence of either 

the microemulsion or aqueous-surfactant mixture in respect to the 

classical profile in the aqueous solution. The first reduction peak 
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occurred at around − 0.6 V, assigned to the initial nickel deposition, 

followed by a primary reduction from − 0.8 V, assigned to the 

simultaneous codeposition of nickel and cobalt and a single 

oxidation peak, corresponding to the alloy oxidation in the anodic 

scan. However, with microemulsion, a lower j/E slope occurred due 

to the lower deposition rate in the more viscous microemulsion 

medium than in the aqueous solution. A similar Qox/Qred ratio in the 

voltammetric process reflects the dismal participation of hydrogen 

evolution in both media.  

 

Figure 1: Schematic representation of electrochemical synthesis of magnetic CoNi@Au NRs in aqueous solution and IL/W microemulsions.  

The viscosity, surface tension and conductivity (Table 2S) of the 

three electrodeposition media were also measured to corroborate 

the possibility of filling the nanochannels of the PC membrane. 

From the voltammetric study, a deposition potential of -1,000 mV 

for the different electrochemical media with a relatively high 

deposition rate was selected, thereby ensuring comparable 

homogeneous growth comparable in three different systems in 

terms of efficiencies and alloy composition (Table 1S).  

Chronoamperometric curves of synthesis (Figure 2Sa) in stationary 

conditions evolved to quasi stationary values, which reflect a 

constant growth regime. The deposition rate was greater with 

compact nanorods (i.e., aqueous solution) due to the lower 

viscosity of the medium. Nanorods were released from the PC 

membrane and, after thorough washing, immersed in a gold 

solution, which resulting in the formation of a thin gold shell due to 

galvanic displacement. As scanning electron microscopy showed 

(Figure 2Sb and c) nanorods maintained their integrity after the 

formation of the Au shell, and nanorods of similar lengths (Figure 

2Sc) and diameter emerged in both electrochemical media. Both 

type of nanorods exhibit similar composition before Au shell 

formation, which demonstrates that using electrodeposition with 

selected baths and conditions allows the preparation of CoNi 

nanorods with modulated composition. However, as Table 1 

depicts, mesoporous nanorods contained a significantly more Au 

after the galvanic displacement, as could be expected due to their 

significantly greater area. 

 

 

 Potential / 

mV 

Deposition 

charge / C 

Length 

 / µm 

Diameter / 

nm 

Elemental 

composition / wt. 

% 

Shell 

Thickness / 

nm 

Co Ni Au 

Compact 

CoNi@Au 
- 1000 - 2.5 1.8 ± 0.4 104 ± 9 34 39 27 0.7 

Mesoporous 

CoNi@Au 
- 1000 - 2.5 1.7 ± 0.4 107 ± 12 29 31 40 0.1 

 

Table 1: Working Potential, Deposition Charge, Length, Diameter, Elemental Composition, and Shell Thickness of Nanorods.
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We characterized the morphology of the prepared nanorods by way 

of transmission electron microscopy (Figure 2), representative 

images of which reveal significant differences according to 

preparation approach. Nanorods obtained in aqueous solution 

displayed compact morphology and a diameter of 104 ± 9 nm, 

dispersion likely due to the insufficient uniformity of nanochannels 

in the PC membrane (Figure 2a). By contrast, IL/W microemulsions 

yielded mesoporous nanorods with a high density of well-defined 

nonspherical mesopores over the entire area, even at the inner part 

of the wires that formed an ordered, interconnected pore network 

with easy accessibility (Figure 2b). The diameter of the mesoporous 

nanorods was of 107 ± 12 and the size of the mesopores 

approximately 2-4 nm. The average size of mesopores was coherent 

since ionic liquid droplets (hydrodynamic diameter = 12.4 nm; 

polydispersity index = 0.08) were slightly larger. This result is 

unsurprising, for pores are defined by the size of ionic liquid 

droplets, which should be smaller than the hydrodynamic diameter 

determined by DLS. X-ray diffractograms (Figure 4S) of both 

compact and mesoporous CoNi@Au nanorods show several peaks 

assigned to gold, given its presence in the shell and its significant 

diffracting response. Several peaks corresponding to the CoNi core 

were observed at 41.6, 47.5, 76.1, 92.5, and 98.7 °2θ, which 

respectively correspond to the (100), (101), (110), (112), and (004) 

peaks of a Co hexagonal close-packed (hcp) crystalline phase, albeit 

slightly distorted due to the presence of Ni in the alloy. Other peaks 

of the Co hcp phase can be masked by gold’s diffraction peaks. A 

low proportion of a CoNi face-centered cubic (fcc) phase was 

detected at a peak of 51.6 °2θ. This primarily hcp crystalline 

structure has previously been obtained for CoNi films and 

nanorods. 
[18]

 Moreover, the selected area electron diffraction 

patterns of the synthesized nanorods (Figure 4Sa, b) can be also 

indexed as the (002), (101), (110) and (100) orientations of the 

distorted Co hexagonal close-packed structure.  

 

 

Figure 2: Transmission electron micrographs of the magnetic compact (a) and mesoporous (b) CoNi@Au NRs. (c) Cyclic voltammetry (first cycle) of compact 

(A) and mesoporous (B) CoNi@Au NRs in H2SO4 0.5 M solutions at room temperature at the scan rate of 100 mV s
-1

. Scale bar: 10 nm. 
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To use the nanorods synthesized as drug carriers, it is important to 

know the area that can effectively host pharmaceutical compounds. 

After covering them with the gold shell and recording the 

voltammetric response of the CoNi@Au nanorods in sulfuric acid, 

we therefore calculated the electrochemical surface area of each 

nanorod type. The charge associated with the reduction of gold 

oxide (Figure 2c) was proportional to the highly active area of the 

gold surface. 
[19]

 We were also to confirm the complete formation 

of the Au shell over the entire area of both structures, since 

nanorods supported on a glassy carbon (GC) electrode were 

immersed in a H2SO4 0.5 M solutions for 5 minutes, after which a 

successive cyclic voltammetry was performed. CoNi nanorods were 

etched and dissolved when unprotected by the Au shell after 5-min 

immersion in acidic media, which we verified by cyclic voltammetry 

that showed the response of the bare GC electrode. When the gold 

layer completely covered the nanorod, CoNi@Au was netter 

protected, even in H2SO4.  

In sum, for both compact and mesoporous nanorods, the typical 

profile of gold in sulfuric solution was obtained (Figure 2c), even 

despite a high number of scans (> 20). The voltammetric technique 

therefore allowed us to determine the immersion time that assures 

a complete gold layer on the surface of the nanorods. The stability 

of the CoNi@Au nanorods in the aggressive medium supposes their 

stability in a less aggressive (i.e., cellular) medium. The 

electrochemical surface area for both compact and mesoporous 

nanorods was 19 and 186 m2 g-1, respectively, while their Au shell 

thickness (𝑆𝑇) was 0.7 and 0.1 nm, also respectively (Table 1). The 

Au shell thickness can be calculated from the ECSA values as 

follows(𝐸𝑞. 1):  

𝑆𝑇 =
𝑉𝐴𝑢

𝑆𝐴𝑢
=  

(
𝑚𝑁𝑅 · 𝑃𝐴𝑢 

𝜌𝐴𝑢
)

𝐸𝐶𝑆𝐴 · 𝑚𝑁𝑅
=

𝑃𝐴𝑢  

𝐸𝐶𝑆𝐴 · 𝜌𝐴𝑢
         (𝐸𝑞. 1) 

where 𝑉𝐴𝑢 is the volume of Au shell, 𝑆𝐴𝑢 is the surface of Au shell, 

𝑚𝑁𝑅 is the mass of one nanorod, 𝑃𝐴𝑢 (𝑔𝐴𝑢 𝑔𝐶𝑜𝑁𝑖@𝐴𝑢)⁄  is the weight 

percentage of Au of one nanorod, 𝐸𝐶𝑆𝐴 (𝑚2 𝑔𝐶𝑜𝑁𝑖@𝐴𝑢)⁄  is the 

mass-normalized electrochemical surface area and 

𝜌𝐴𝑢 (𝑔𝐴𝑢 𝑐𝑚3)⁄  is the density of gold.  

NANORODS FUNCTIONALIZATION AND DRUG LOADING, 

MAGNETIC PROPERTIES AND DRUG RELEASE 

Functionalization and drug loading 

Following the Au shell formation, the CoNi@Au nanorods were 

functionalized with HS-PEG or HS-PEG + CPT-11. First, the 

CoNi@Au-SH-PEG nanorods were used to detect the 

functionalization, whereas nanorods containing HS-PEG + CPT-11 

were used to study the retention and release of the drug. Second, 

the CoNi@Au-SH-PEG nanorods were used to examine nanorods 

toxicity using HeLa cells, whereas the CoNi@Au-SH-PEG nanorods 

loaded with CPT-11 were used to investigate drug cytotoxicity 

delivered to HeLa cells via nanorod carriers. Lastly, CoNi@Au-SH-

PEG nanorods, both with and without CPT-11, were also used to 

gauge HeLa cells’ uptake of nanorods by way of confocal 

microscopy.  

Functionalization was performed by immersion the nanorods in a 

solution of the nonpolar organic thiol with or without the selected 

drug in stirring conditions (800 rpm) for 48 h, chiefly to form a 

highly stable organic monolayer due to the strong gold-sulfur 

bonding. Figure 3a portrays the overall strategy of the 

functionalization with HS-PEG + CPT-11 (i.e., drug-loading scheme). 

The HS-PEG monolayer rendered the nanorod surface hydrophilic 

and minimizes the aggregation of the magnetic nanorods favoring 

its interaction with cells, as well as incorporated and retained CPT-

11 inside the polymeric network and inside the interconnected pore 

network in mesoporous structures. We hoped that the retention of 

the drug in the organic network would labile enough to make 

release moderately easy. Following the functionalization, the 

nonsedimentation of the nanorods was observed for 7 days, which 

signifies significant improvement in the stability of the suspension 

fundamental for biomedical applications. The procedure also 

afforded the modification of the surface properties of the nanorods 

– for example, in terms of surface charge and specific recognition of 

nanorods.  

The formation and integrity of organic adsorbed layers onto the 

gold electrode was tested using voltammetric experiments, [13a] in 

which a close-packed layer of HS-PEG on the nanorod surface 

should hinder, if not block, the electrochemical superficial oxidation 

of the gold or the reduction of gold oxide, as well as the oxidation 

or reduction of species in solution on the nanorod surface. 

Therefore, to verify nanorod functionalization with HS-PEG, we 

performed electrochemical probe experiments by recording cyclic 

voltammetries of the Fe (II)/Fe (III) system in both CoNi@Au and 

CoNi@Au-SH-PEG NRs (Figure 3b). To that end, a drop of nanorod 

suspension was placed on the surface of a GC substrate and dried to 

obtain each GC-nanorod electrode. Figure 3b shows the typical 

reversible couple of the Fe (II)/Fe(III) system for the 

nonfunctionalized CoNi@Au nanorods. For the same amount of 

nanorods on the GC surface, the detected current was significantly 

greater for mesoporous nanorods, which corresponds to the far 

greater effective area. The presence of the PEG layer in the 

CoNi@Au-SH-PEG nanorods caused a blocking effect of the surface 

of both mesoporous and compact CoNi@Au nanorods, thereby 

prompting a drastic decrease of the detected current. The 

electrochemical probe then allowed us to detect the 

functionalization of the nanorods with a HS-PEG layer. The faradaic 

Fe (II)/Fe (III) processes were strained with HS-PEG was on the 

nanorods, though the electrochemical processes were not entirely 

hindered, which reveals that some mass transport of the Fe (II)/Fe 

(III) redox species occurs in the presence of the HS-PEG layer to the 

nanorods surface. This finding is important because the mass 

transport of the drug to the entire bulk should also be possible for 

drug release.  
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Figure 3: (a) Schematic representation of nanorod functionalization with HS-PEG and drug loading. (b) Cyclic voltammetries of the Fe (II)/Fe (III) system in a 

KNO3 0.2 M + K4[Fe(CN)6] 2 mM + K3[Fe(CN)6] 2 mM solution on compact (blue lines) and mesoporous (green lines) CoNi@Au (continuous lines) and in 

CoNi@Au-SH-PEG nanorods (dashed lines) placed on glassy carbon electrodes, at room temperature and at scan rate of 100 mV s
-1

.  

 

Magnetic properties of the functionalized nanorods  

The magnetic properties of the CoNi@Au nanorods, both compact 

and mesoporous, were analyzed before and after their 

functionalization with HS-PEG molecules. Figure 4Sc shows the 

normalized M/Ms (M: magnetization) curves for the four types of 

nanorod. The response of the functionalized nanorods was highly 

similar to that of the nonfunctionalized ones, which indicates that 

the presence of HS-PEG molecules does not preclude the 

manipulation of the magnetic nanorods. Indeed, they can be easily 

retained or targeted by applying a magnetic field. Compact 

CoNi@Au nanorods presented a soft-magnetic behavior, with a 

Mr/Ms=0.3 (Mr: remanence) and a coercivity Hc=230 Oe. 

Mesoporous CoNi@Au nanorods tended to exhibit 

superparamagnetic behavior, with low values for both remanence 

(Mr/Ms=0.1) and coercivity (Hc=50 Oe), a fact that favors their rapid 

response under an applied magnetic field and decreases their 

tendency to aggregate. In fact, both functionalized and 

nonfunctionalized mesoporous nanorods were easily maintained in 

suspension due to their magnetic properties and the low mass-per-

volume of the unit.  

When a suspension of nanorods was subjected to the action of a 

rotating magnetic field, the nanorods readily commenced a circular 

motion, with a rotational speed according to the applied magnetic 

field. Therefore, the magnetic character of the synthesized 

nanorods allowed handling during washing, targeting and 

accumulation in a defined target site, and movement in suspension.  

DRUG RELEASE 

The In vitro drug retention and release were studied via 

spectrofluorimetric assay after the incubating both the compact 

and mesoporous nanorods with PEG (CoNi@Au-SH-PEG) and CPT-

11. The comparison of the fluorescence of the CPT-11 in a 10 mM 

lactate buffered (pH 4.4) solution before and after its incubation 

with the nanorods and the HS-PEG (i.e., nanorod 

cofunctionalization) demonstrated drug retention in the lattice of 

the HS-PEG molecules, for compact nanorods, and also in the 

interior of the pores, for mesoporous nanorods. The maximum yield 

of CPT-11 retention in mesoporous nanorods was of 76%, a 

significantly higher value than the 36% retention efficiency of the 

compact CoNi@Au-HS-PEG nanorods. Mesoporous nanorods 

exhibited an increased ability to accumulate the drug and thus 

higher retention efficiency. That result could be the expected, given 

their exceptionally high pore volume, which can accommodate the 

drug.   

The magnetic properties of the synthesized and functionalized 

nanorods were studied regarding the CPT-11 release in static 

conditions, as well as under the influence of an external rotatory 
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magnetic field (20 Hz). The aim of these assays was to assess 

whether the drug release was magnetic-dependent and thus the 

rate of release controllable. Figure 4a shows a diagram of the 

different release conditions considered in our work. Figure 4b-e 

show the release profiles of CPT-11 trapped in CoNi@Au-SH-PEG 

nanorods. Irinotecan-loaded nanorods were first washed 3 times 

with 1 mL of the lactate-buffered medium and placed in 1 mL of the 

same buffer, after which the release of the drug was measured for 

25 h.   As Figure 4 shows, the release profiles of CPT-11 from 

compact and mesoporous nanorods, expressed as the percentage 

of the drug released, in static conditions and under the action of an 

external rotatory magnetic field, were highly similar. However, in 

absolute terms, significantly more CPT-11 was released with 

mesoporous structures, as expected, due to its superior load 

capability. Therefore, by using the mesoporous nanorods, the 

amount of nanocarriers needed to deliver the same amount of drug 

can be significantly reduced. Moreover, the magnetic-dependent 

release of the drug allows the modulation and control of its release 

rate. As such, the increased efficiency of drug release coupled with 

the possibility of the remote manipulation of the nanorods, by 

applying direct magnetic fields, and their rotational manipulation, 

by applying rotating fields, underscores mesoporous and compact 

nanorods as promising nanocarrier for cancer therapy. Magnetic 

nanorods can be considered smart nanocarriers because they have 

been engineered to provide a vast array of properties, including the 

ability to respond to the externally applied stimuli.   

 

Figure 4: (a) Schematic representation of CPT-11 release from magnetic compact (left) and mesoporous (right) CoNi@Au nanorods loaded with the drug in  

static conditions (upper) and under the influence of an external rotatory magnetic field of 20 Hz (bottom). (b - e) Influence of the application of the external 

rotatory magnetic field on CPT-11 release from compact (b, d) and mesoporous (c, e) CoNi@Au nanorods (450 µg) expressed as the μmol of CPT-11 released 
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(b, c) or as the percentage of the drug released (d, e) in static conditions (closed symbols) and under the influence of a magnetic external rotatory field (open 

symbols).  

CYTOTOXIC ACTIVITY OF CPT-11 LOADED CoNi@Au-SH-PEG NRs 

The effectiveness of CPT-11-loaded CoNi@Au-SH-PEG nanorods was 

assessed and compared with that of the carrier (i.e., CoNi@Au-SH-

PEG nanorods) by using the HeLa cell line. The survival of the cells, 

incubated for 24 h with a fixed amount of CPT-11 (0.027 and 0.080 

µmol of CPT-11for 20 µg mL
-1

 of compact and mesoporous 

nanorods, respectively), was evaluated 24 h after CPT-11 was 

removed from the culture medium. HeLa cells were incubated in 

the same conditions with empty CoNi@Au-SH-PEG nanorods, 

largely to study the toxicity effect of the carrier. The toxicity studies 

carried out with both carriers (Figure 5Sa and b) showed that HeLa 

cells viability was greater than 90%, after incubation with empty 

compact and mesoporous CoNi@Au-SH-PEG nanorods, up to a 

concentration of 300 and 350 μg nanorods mL
-1

, respectively. From 

these results we chose a concentration of 20 μg nanorods mL
-1

 to 

study the toxicity of CPT-11 trapped in the nanorods. 

The cytotoxic effect of drug- loaded CoNi@Au-SH-PEG nanorods 

(Figure 5) was a function of the type of nanorod, either compact or 

mesoporous, and of the application, or not, of an external rotatory 

magnetic field. Cells were incubated 24 h with empty and CPT-11 

loaded CoNi@Au-SH-PEG nanorods, and cell survival was evaluated 

by the tetrazolium dye (MTT) colorimetric assay 24 h after nanorod 

removal.  

 

 

Figure 5: Surviving fraction of HeLa cells incubated with CPT-11 (left) for 48 

h with cell culture medium, to which a 100% survival control was assigned; 

(middle) with 20µg of empty compact (blue) or mesoporous (green) 

CoNi@Au-SH-PEG nanorods mL
-1

 in silent (0 Hz) and under a rotatory 

external magnetic field (20 Hz); and  (right) incubated with 20  µg of drug-

loaded compact (blue) or mesoporous (green) CoNi@Au-SH-PEG nanorods 

mL
-1

 in silent (0 Hz) and under a rotatory external magnetic field (20 Hz). 

CPT-11 content in incubates was 0.0013 or 0.0040 μmol µg
-1

, respectively, 

with compact and mesoporous nanorods. 

 

When using empty nanorods, cell survival was greater than 90% in 

silent (0 Hz) conditions, whereas the application of an external 

rotatory magnetic field (20 Hz) for 30 min caused a 44% and a 37% 

decrease in cell survival for compact and mesoporous nanorods, 

respectively. Cell death in the absence of CPT-11 when applied in an 

external rotating magnetic field could be attributed to a possible 

localized heating or a rotation of the nanorods inside the cells.  

The incubation of HeLa cells with irinotecan-loaded compact and 

mesoporous CoNi@Au-SH-PEG nanorods in silent conditions (0 Hz) 

prompted 15.4 % and 37.5% of cell death, respectively. This result 

was consistent with the amount of CPT-11 released in the absence 

of magnetic field from a same amount of compact (0.01 μmol CPT-

11 per 20 μg nanorods) or mesoporous (0.033 μmol CPT-11 per 20 

μg nanorods) nanorods.  

When the external rotatory magnetic field (20 Hz) was applied, 

after incubating the HeLa cells with the same amount of nanorods 

in the medium of that used in the absence of the magnetic field, a 

significant increase of cell death was observed in both cases. In 

those conditions, cell death was of 52.8% and 83.7% when HeLa 

cells were incubated with CPT-11 loaded in compact or mesoporous 

CoNi@Au-SH-PEG nanorods, respectively. Such increased cell death 

can be attributed to the sum of two factors: the largest release of 

CPT-11 when the magnetic field was applied (0.027 μmol CPT-11 

per 20 μg compact nanorods and 0.080 μmol CPT-11 per 20 μg 

mesoporous nanorods) and the mechanical damage of cells due to 

the rotation of the nanorods inside the cells under the magnetic 

field effect.  

When these results are compared with those obtained when CPT-

11 was administered in a liposomal form, it has been shown that 

both liposomes and CoNi@Au-SH-PEG nanorods have excellent 

ability to incorporate the drug or to release it under specific stimuli: 

hyperthermia for thermosensitive liposomes or a magnetic field for 

CoNi@Au-SH-PEG nanorods. [3b] However, based on results from 

this study, mesoporous CoNi@Au-SH-PEG nanorods significantly 

improve the therapeutic effectiveness of irinotecan for anticancer 

therapy, compared to that of liposomes and other mesoporous 

structures, including lipid–coated mesoporous silica nanoparticles. 
[20] That benefit derives from magnetic actuation, which radically 

enhances killing efficiency and provides easy manipulation, 

magnetic targeting, and better control of the drug release rate. We 

can hypothesize that mesoporous CoNi@Au-SH-PEG nanorods 

therefore constitute an interesting alternative to other more usual 

nanocarriers, like liposomes, to deliver different drugs. 

Nanorods uptake by HeLa cells 

CellTrackerTM 5-chloromethylfluorescein diacetate (CMFDA) was 

used to demonstrate nanorod internalization by HeLa cells. CMFDA 
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is a fluorescent chloromethyl derivative that freely diffuses through 

the membranes of live cells. Once inside the cells, these mildly 

thiol-reactive probes undergo what is thought to be a glutathion S-

transferase-mediated reaction, in order to produce membrane-

impermeable glutathion fluorescent dye adducts. A wide variety of 

applications were indicated for these dyes, including cell tracking in 

mixed cultures, long-term viability assays, and measuring cellular 

glutathione content using flow cytometry or the labelling of live 

cells. 
[21]

 

The green probe CMFDA stained the entire HeLa cells body, shown 

in green in Figure 6, which also shows nanorods, in red, that were 

visualized by reflection. The images show that HeLa cells internalize 

both compact and mesoporous CoNi@Au-SH-PEG nanorods, though 

that some nanorods remain extracellular.  

The videos supplied (see Supporting Information) show the 3-

dimensional reconstruction of alive HeLa cells with compact (Video 

6S) and mesoporous (Video 7S) nanorods in their cytoplasm.  

 

 

 

Figure 6: Internalization of compact (left) and mesoporous (right) CoNi@Au-SH-PEG nanorods by HeLa cells; HeLa cells cytoplasm stained with 5-

chloromethylfluorescein diacetate is shown in green, and nanorods visualized by reflection are marked in red. Images are representative of two independent 

experiments: a 3-dimensional reconstruction of HeLa cells (bottom) and sections of HeLa cells acquired during scanning (top). Scale bar: 20 µm. 
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CONCLUSIONS

Electrochemical synthesis allowed us to prepare CoNi@Au-SH-PEG 

nanorods that demonstrated promise as magnetic nanocarriers for 

therapeutic molecules. Using aqueous solution allowed us to 

prepare compact, short (<2 microns) magnetic nanorods, whereas 

using ionic liquid-in-aqueous solution microemulsion allowed us to 

prepare mesoporous nanorods of similar dimensions and 

composition. The formation of a gold layer covering all of the 

nanorods, both compact and mesoporous,  allowed their 

functionalization with a long HS-PEG molecule, which conferred 

hydrophilic character to the nanorods, favored their maintenance in 

suspension during several days by decreasing their aggregation, 

allowed them to retain the selected drug (i.e., CPT-11), and allowed 

their gradual release. The mesoporous CoNi@Au-HS-PEG nanorods 

present advantages respect to the compact ones because they 

allow higher loading of drug in the interior of the pores, a higher 

loading of drug retained in more HS-PEG molecules adsorbed on the 

nanorods with higher area/volume, easy magnetic manipulation 

due to their specific magnetic properties, a lesser tendency toward 

sedimentation due to their lower mass, a lesser toxicity of carriers, 

and greater cell death efficiency with fewer carriers. The magnetic 

character of the mesoporous nanorods moreover favored magnetic 

manipulation, magnetic targeting, and accumulation, as well as the 

mechanical death of cellules accompanying the death produced by 

the drug.  

Experimental Section 

Electrochemical media: The electrochemical media used to study the 

deposition process and to prepare nanorods were (i) an aqueous solution 

(W) of 0.2 M CoCl2 ·6 H2O (Carlo Erba > 98.0 %) + 0.9 M NiCl2 (Panreac, > 98 

%) + 30 g L
-1 

H3BO3 (Merck, 99.8 %) + 0.7 g L
-1

 saccharin (Merck, > 98%); (ii) 

an W + surfactant mixture (W+S) of  84.9 wt. % of W + 15.1 wt. % of p-octyl 

poly(ethylene glycol) phenyl ether a.k.a. Triton X-100 (S) (Acros Organics, 98 

%); and (iii) ionic liquid-in-water (IL/W) microemulsions, prepared by mixing 

W, S and 1-butyl-3-methylimidazolium hexafluorophosphate a.k.a. bmimPF6 

(C8H15F6N2P, Solvionic, 99 %) (IL) in proportions based on the literature (15.1 

wt. % of S, 1.1 wt. % of IL and 83.8 % of W). 
[19]

 The mixture was sonicated 

for 5 min under argon bubbling, which prompted transparent stable 

microemulsions. Droplet size and the polydispersity index of microemulsions 

were analyzed by dynamic light scattering (DLS) with Zetasizer Nano ZS 

(Malvern Instruments). 

 

Electrochemical synthesis and characterization: Electrochemical experiments 

were carried out using a microcomputer-controlled 

potentiostat/galvanostat Autolab with PGSTAT30 equipment and GPES 

software. As shown in the Supporting Information, the voltammetric study 

to find the optimum range of working potentials in aqueous (W), aqueous 

solution + surfactant (W+S) and ionic liquid-in-water (IL/W) microemulsions 

systems was performed at room temperature (25 ºC), using a 3-electrode 

electrochemical system. Si / Ti (15 nm) / Au (100 nm) substrates (0.5 x 0.5 

cm
2
), Pt spiral, and Ag / AgCl / 3M KCl were used as working, counter, and 

reference electrodes, respectively.  To define the nanorods structure 

polycarbonate membranes (20-µm thick, 100 nm nominal pore diameter 

and 10
8
 to 2.5 10

9
 pores cm

-2
 pore density with 100 nm-thick gold layer in 

one side, which enabled conductivity) were used as working electrodes.  

After nanorod synthesis, the Au layer was removed by etching the Au using 

a saturated solution of I2/I
-
, and under ultrasonic stirring, the PC membranes 

were dissolved with chloroform (x5), and  washed with chloroform (x10), 

ethanol (x5), and Millipore water (x5). Nanorods were also immersed in 0.1 

M NaOH (x3) prior to being washed in Millipore water when microemulsions 

were employed. Lastly, after the cleaning procedure, a thin, nanometric 

shell of gold formed via galvanic displacement, which consisted of 

immersing in 2.9 mM of HAuCl4 solution.  

The morphology and structure of the CoNi@Au nanorods were examined by 

using transmission electron microscopy (Jeol 2100). Elemental composition 

was measured using electron probe microanalysis by energy-dispersive X-ray 

analysis (Cameca SX-50 equipment) or an X-ray analyzer incorporated in 

Leica Stereoscan
TM

 S-360 equipment. XRD patterns were registered by 

means of a Philips MRD diffractometer with parallel optical geometry using 

a Cu Kα radiation (λ=1.5418Å). The electrochemical surface area of the 

different prepared nanorods was obtained by integrating the charge 

associated with the reduction of gold oxide, which was proportional to the 

real active surface area of the gold surface, in cyclic voltammograms 

recorded in H2SO4.Electrochemical surface area were estimated assuming 

that the charge required to reduce gold oxide was 390 μC cm
−2

.
[22] 

 

Nanorod functionalization and drug loading: Nanorods (900 µg ) were 

functionalized by immersion in 2 mL of nonpolar organic thiol (1.7 mM HS-

PEG) with or without the selected drug (1.6 mM irinotecan hydrochloride - 

Afine Chemicals ,Hangzhou, China - which was pure, with a minimal grade of 

99%.). Nanorod functionalization was corroborated by means of 

electrochemical probe experiments, namely by recording cyclic 

voltammetries of the Fe(II)/Fe(III) system in a KNO3 0.2 M + 2 mM 

K4[Fe(CN)6] + 2 mM K3[Fe(CN)6] solution. For each experiment, suspensions 

of functionalized and nonfunctionalized nanorods were dropped onto the 

surface of a GC electrode (Metrohm) rod of 0.0314 cm
2
 and dried under 

nitrogen flow. Drug retention analysis was performed by fluorescence 

emission and excitation spectra (λex =278 nm) using an AMINCO-Bowman 

Series 2 spectrofluorometer with a micro-cell (1 mL) at 25 ºC. To determine 

the concentration of drug released, a calibration curve was necessary, which 

involved comparing the unknown concentration to a set of standard 

samples of known concentrations.   

 

Cell culture:  Experiments were performed on the tumoral epithelial cell line 

HeLa originated from a cervix adenocarcinoma. HeLa cells were grown as 

monolayers in Dulbecco’s modified Eagle’s medium (DMEM) supplemented 

with 50 U mL
-1

 penicillin, 50 µg mL
-1

 streptomycin, 292 mg mL
-1

 L-glutamine, 

1% nonessential amino acids, and fetal bovine serum (FBS) at a final 

concentration of 10%; 4.5 g glucose L
-1

 (DMEM), fetal calf serum, penicillin-

streptomycin, nonessential amino acids and L-glutamine solutions were 

provided by from Biological Industries (Beit HaEmek, Israel). Cell cultures 

were performed in a humidified sterile atmosphere of 95% air and 5% CO2 at 

37 °C in a SteriCult 200 incubator (Hucoa-Erloss). HeLa cells were seeded in 

25 cm
2
 flasks (90,000 cells), in 35 mm Petri dishes (25,000 cells) or in an 8 

well Nunc
TM

 Lab-Tek
TM

 II Chambered Coverglass (Thermo Scientific, USA) for 

confocal microscope studies. Cells were grown for 72 h and treated when 
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cultures achieved exponential growth. All sterile plastics were from Corning 

(Corning, NY, USA).  

Cells treatment: The effect of nanorods with and without CPT-11 upon cell 

survival in silent conditions (0 Hz) and in the external rotatory magnetic field 

(20 Hz) was determined. HeLa cells  seeded in 35 mm Petri dishes were 

cultured until reaching 70-75% confluence and incubated for 24 h with 

functionalized nanorods (20 µg nanorods  mL
-1

 DMEM), with and without 

CPT-11, in lactate buffer (10 mM pH 4.4). The cells were next washed 3 

times with sterile Dulbecco´s phosphate buffered saline (PBS), 

supplemented with fresh medium and incubated for another 24 h in silent 

conditions. To test the influence of an external rotatory magnetic field, the 

magnetic field (20 Hz) was applied for 30 min after washing with PBS. Cell 

survival was evaluated after 24 h of postincubation in a fresh medium by 

MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay, 

which detected only living cells. 
[23]

 That assay was based on the reduction of 

tetrazolium salt to form a formazan dye using the electrons from the 

mitochondria of viable cells. The appropriate amount of a MTT stock 

solution (1 mg mL
-1

 PBS) was added to DMEM for a final concentration of 

47,6 μg mL
-1

. The medium without MTT was withdrawn and replaced by the 

medium supplemented with the dye. Cells were incubated for 3 h at 37ºC, 

and to dissolve formazan precipitates, the medium was replaced by DMSO. 

Absorbance was measured at 526 nm on a Synergy H1 microplate 

spectrofluorimeter (SynergyMX
TM

, BioTek Instruments, Winooski, VT, USA). 

Cell survival was expressed as the percentage of absorption of treated cells 

in relation to that of control cells (100% survival).  

 

Confocal microscopy: Confocal microscopy was used to verify nanorods 

internalization. Cells were grown in an 8 well Nunc
TM

 Lab-Tek
TM

 II 

Chambered Coverglass. First, cells were incubated at 37ºC for 18 h with a 

suspension of the corresponding CoNi@Au-HS-PEG nanorods in DMEM (20 

µg nanorods mL
-1

) to allow their internalization. To confirm the intracellular 

localization of the nanorods, the cytoplasm of the cells was labeled with 

green CellTracker™ fluorescent probe CMFDA in serum-free culture 

medium, which acted as a cell tracker (C7025 Thermo Fisher, Life 

Technologies). The method of labeling consisted of five steps: (1) washing 

cells twice for 5 min with PBS, (2) incubating them for 30 min at 37ºC with 

the binding solution (5μM CMFDA in serum-free culture medium), (3) 

washing them twice for 5 min with PBS, (4) incubating them for 30 

additional min at 37ºC with supplemented cell culture medium, and (5) 

ultimately washing them twice for 5 min with PBS. After labeling, the cells 

were maintained in complete culture medium containing 10 mM HEPES to 

keep them alive during their observation with the microscope. HeLa cells 

were imaged using a Leica TCS SP2 confocal laser fluorescence microscope 

(Heidelberg, Germany) with simultaneous fluorescence and reflection 

acquisition, by using an argon laser of 488 nm. Different sections were 

initially scanned, and a data set of z-series images were collected from the 

bottom to top of the wells in the direction of the z-axis. Three-dimensional 

reconstructions were made with Imaris 7.2.3 (Bitplane AG, Zurich, 

Switzerland).  

Acknowledgements 

This work was supported by the EU ERDF (FEDER) funds and the Spanish 

Government grant TEC2014-51940-C2-2-R from Ministerio de Economía y 

Competitividad (MINECO). Albert Serrà thanks the Ministerio de Educación, 

Cultura y Deporte for a predoctoral grant (FPU). Authors thank the CCiT-UB 

for the use of their equipment.  Authors are also grateful to Dr. Raimundo 

Gargallo (Department of Analytical Chemistry, University of Barcelona) for 

his support in the fluorimetry experiments and to Dr. Manel Bosch 

(Advanced Optical Microscopy Unit of the CCiT-UB) for his helpful technical 

support in the confocal experiments.   

Notes and references 

 

[1] a) N. Nasongkla, E. Bey, J. Ren, A. Hua, C. Khemtong, J.S. Guthi, 
S.-F. Chin, A.D.  Sherry, D.A. Boothman, J. Gao, Nano Lett.  
2006, 6, 2427; b) P. Kesharwani, K. Jain, N.K. Jain, Prog. Polym. 
Sci. 2014, 39, 268;  c) J.C. Kraft, J.P. Freeling, Z. Wang, R.J.Y. 
Ho, J. Pharm. Sci. 2014, 103, 29; d) D.M. Copolovic, K.  Langel, 
E. Eriste, U. Langel, ACS Nano, 2014, 8, 1972;  e) J. Kreuter, Adv. 
Drug. Deliv. Rev., 2014, 71, 2; f) A. Wicki, D. Witzigmann, V. 
Balasubramanian, J. Huwyler, J. Control. Rel. 2015, 200, 138.   

[2] a) A.V. Kabanov, E.V. Batrakova, V.Y. Alakhov, J. Control. Rel. 
2002, 82, 189; b) L.C. Glangchai, M. Caldorera-Moore, L.  Shi, K. 
Roy, J. Control. Rel. 2008, 125, 263; c) S. Panja, S. Maji, T.K. 
Maiti, S.A. Chattopadhyay, ACS Appl. Mater. Interfaces. 2015, 7, 
24229.   

[3] a) M. García-Díaz, M. Kawakubo, P. Mroz, M.L. Sagristá. M. 
Mora, S. Nonell, M.R. Hamblin, J. Control. Rel. 2012, 162, 355; 
b) A. Casadó, M.L. Sagristà, M. Mora, J. Pharm. Sci., 2014, 103, 
3127. 

[4] a) W. Park, B.-C. Bae, K. Na, Biomaterials, 2016, 77, 227; b) Y. 
Shamay, L. Adar, G. Ashkenasy, A. David, Biomaterials, 2011, 
32, 1377; c) L. Momtazi, S. Bagherifam, G. Singh, A. Hofgaard, 
M. Hakkarainen, W.R. Glomm, N. Roos, G.M. Maelandsmo, G. 
Griffiths, B. Nyström. Langmuir, 2014, 433, 76; d) F. Liu, V. 
Kozlovskaya, S. Medipelli, B. Xue, F. Ahmad, M. Saeed, D. 
Cropek, E. Kharlampieva, Chem. Mater., 2015, 27, 7945; e) Y. 
Wen, J.K. Oh, Colloid Surface. B, 2015, 133, 246.  

[5] a) L.A. Torre, F. Bray, R.L. Siegel, J. Ferlay, J. Lortet-Tieulent, 
A. Jernal, CA-Cancer J. Clin. 2015, 65, 87; b) J. Ferlay, I. 
Soerjomatarm, R. Dikshit, S. Eser, C. Mathers, M. Rebelo, D.M. 
Parkin, D. Forman, F. Bray, Int. J. Cancer., 2015, 136, 359; c) J. 
Ferlay, E. Steliarova-Foucher, J. Lortet-Tieulent, S. Rosso, 
J.W.W. Coebergh, H. Comber, D. Forman, F. Bray, Eur. J. 
Cancer., 2013, 49, 1374; d) M. Arnold, H.E. Karim-Kos, J.W. 
Coebergh, G. Byrnes, A. Antilla, J. Ferlay, A.G. Renehan, D. 
Forman, I. Soerjomatarm, Eur. J. Cancer., 2015, 51, 1164. 

[6] a) K. Suda, K. Sato, H. Mizuuchi, Y. Kobayashi, M. Shimoji, K. 
Tomizawa, T. Takemoto, T. Iwasaki, M. Sakaguchi, T. 
Mitsudomi, Resp. Investigation, 2014, 52, 322; b) S. Singhal, L.R. 
Kaiser, Surg. Oncol. N. Am., 1998, 7, 505; c) G.N. Marta, F.Y. De 
Moraes, Exp. Rev. Anticancer Ther. 2015, 15, 1257. 

[7] a) J. Tabernero, E.V. Cutsem, R. Lakomy, J. Parausová, P. Ruff, 
G.A. Van Hazel, V.M. Moiseyenko, D.R. Ferry, J.J McKendrick, 
K. Soussan-Lazardi, S. Chevalier, C.J. Allerga, Eur. J. Cancer., 
2014, 50, 320; b) C. Fuchs, E.P. Mitchell, P.M. Hoff, Cancer 
Treat. Rev., 2006, 32, 491; c) M.Z. Ahmad, S. Akhter, M. Anwar, 
A. Kumar, M. Rahman, A.H.  Talasaz, F.J. Ahmad, Drug. Dev. 
Inv. Pharm., 2013, 39, 1936.  

[8] a) M.J. O’Connell, J. Clin. Oncol. 2009, 27, 3082; b) V.P. 
Torchilin, Nat. Rev. Drug. Discov., 2014,  13, 813; c) S. Mura, J. 



 

12  |   

 

 

Nicolas, P. Couvreur, Nat. Mat., 2013, 991; d) C.L. Weaver, J.M. 
LaRosa, X. Luo, X.T. Cui, ACS Nano, 2014, 8, 1834; e) J. Di, S. 
Yao, Y. Ye, Z. Cui, J. Yu, T.K. Ghosh, Y. Zhu, Z. Gu, ACS Nano, 
2015, 9, 9407-9415. 

[9] M. García-Díaz, S. Nonell, A. Villanueva, J.C. Stockert, M. 
Cañete, A. Casadó, M. Mora, M.L. Sagristá, Biochim. Biophys. 
Acta, 2011, 1808, 1063. 

[10] a) K.M. Pondman, N.D. Bunt, A.W. Maijenburg, R.J.A. Van 
Wezel, U. Kishore, L. Abelman, J.E. Ten Elshof, B. Ten Haken, J. 
Mag. Mag. Mater., 2015, 380, 299; b) K.M. Pondman, A.W. 
Maijenburg, F.B. Celikkol, A.A. Pathan, U. Kishore, B. Ten 
Haken, J.E.Ten Elshof, J. Mater. Chem., 2013, 1, 6129; c) S.N. 
Tabatabaei, H. Girouard, A.-S. Carret, S. Martel, J. Control Rel., 
2015, 206, 49; d) J. Wang, C. Gong, Y. Wang, G. Wu, Colloid 
Surface. B, 2014, 118, 218. 

[11] a) K. Tschulik, K. Ngamchuea, C. Ziegler, M.G. Beier, C. Damm, 
A. Eychmueller, R.C. Compton, Adv. Funct. Mater., 2015, 25, 
5149; b) M.F. Contreras, R. Sougrat, A. Zaher, T. Ravasi, J. 
Kosel, J. Nanomedicine, 2015, 10, 2141; c) K. Giannousi, M. 
Menelaou, J. Arvanitidis, M. Angelakeris, A. Pantazaki, C. 
Dendrinou-Samara, J. Mater. Chem. B, 2015, 5341.  

[12] a) D.-H. Kim, E.A. Rozhkova, I.V. Ulasov, S.D. Bader, T. Rajh, 
M.S. Lesniak, V. Novosad, Nat. Mat., 2010, 9, 165; b) T. 
Vemulkar, R. Mansell, D.C.M.C. Petit, R.P. Cowburn, M.S. 
Lesniak, Appl. Phys. Lett. 2015, 107, 012403; c) P. Tiberto, G. 
Barrera, F. Celegato, G. Conta, M. Coïsson, F. Vinai, F. Albertini, 
J. Appl. Phys. 2015, 117, 17B304.  

[13] a) C. Gispert, A. Serrà, M.A. Alea, M. Rodrigues, E. Gómez, M. 
Mora, M.L. Sagristà, L. Pérez-Garcia, E. Vallés, Electrochem. 
Comm. 2016, 63, 18; b) N. Choi, Y. Guan, L. Yang, L. Jia, X. 
Wei, H. Liu, C.  Guo, C, J. Colloid Interface Sci. 2013, 395, 50. 

[14] a) K. Keshoju, H. Xing, L. Sun, Appl. Phys. Lett. 2007, 91, 
123114; b) A. Güntherm, P. Bender, A. Tschöpe, R. Birringer, J. 
Phys. Conden. Matter. 2011, 23, 325103. 

[15] a) R. Ferré, K. Ounadjela, J.M. George, L.  Piraux, S. Dubois, 
Physical Review. B. 1997, 56, 66; b) Y. Zhao, H. Zeng, IEEE 
Trans Nanobioscience. 2009, 8, 226; c) N. Gao, H. Wang, E. H. 
Yang, Nanotechnology, 2010, 21, 105107; d) D. Choi, A . Fung, 
H. Moon, D. Ho, Y. Chen, E. Kan, Y. Rheem, B. Yoo, N. Myung, 
Biomed. Microdevices., 2007, 9, 143; e) A. Hultgren, M. Tanase, 
C. S. Chen, G. J. Meyer, D. H. Reich, J. Appl. Phys. 2003, 93, 
7554; f) A. Hultgren, M. Tanase, E. J. Felton, K. Bhadriraju, A. K. 
Salem, C. S. Chen, D. H. Reich, Biotechnol. Prog. 2005, 21, 509.  

[16] a) Y. Rheem, B.-Y.  Yoo, W.P. Beyermann, N.V. Myung, 
Nanotech.  2007, 18, 125204; b) J. Vilana, E. Gómez, E.  Vallés, 
J. Electroanal. Chem. 2013, 703, 88.   

[17] a) A. Serrà, E. Gómez, E. Vallés, Electrochim. Acta. 2015, 174, 
630; b) Int. J. Hydrog. Energy, 2015, 40, 8062; c) A. Serrà, E. 
Gómez, I. V. Golosovsky, J. Nogués, E. Vallés, J. Mater. Chem. 
A, 2016, 4, 7805. 

[18] a) J. Vilana, R. Amade, S. Hussain, E. Bertran, E. Gómez, E. 
Vallés, Mat. Lett.  2014, 124, 8; b) G. Ali, M. Maqbool, Nano. 
Res. Lett. 2013, 8, 352. 

[19] a) A. Serrà, E. Gómez, J.F. López-Barbera, J. Nogués, E. Vallés, 
ACS Nano, 2014, 8, 4630; b)  Y. Gao, S. Han, B. Han, G. Li, D. 
Shen, Z. Li, J. Du, W. Hou, G. Zhang, Langmuir, 20005, 21, 568. 

[20] a) X. Liu, A. Situ, Y. Kang, K. R. Villabroza, Y. Liao, C. H. 
Chang, T. Donahue, A. E. Nel, H. Meng, ACS Nano, 2016, 10, 
2702; b) S. Nastase, L. Bajenaru, D. Berger, C. Matei, M. G. 
Moisescu, D. Constantin, T. Savopol, Cen. Eur. J. Chem. 2014, 
12, 813. 

[21] a) R.P. Haugland, Handbook of Fluorescent Probes and Research 
Chemicals. Seventh edition. Eugene, Oregon (available on 
CDROM), 1999; b) G. Packroff, J.R. Lawrence, T.R. Neu, Acta 
Protozoool. 2002, 41, 245; c) K.S. Ralston, M.D. Solga, N.M. 
Mackey-Lawrence, A. Somlata, A. Bhattacharya, W.A. Petri Jr, 
W.A. Nature 2014, 508, 526.   

[22] a) S. Trasatti, O.A. Petrii, Pure & Appl. Chem., 1991, 63, 711; b) 
F. Jia, C. Yu, Z. Ai, L. Zhang, Chem. Mater. 2007, 19, 3648. 

[23] T. Mosmann J. Immunol. Methods 1983, 65, 55. 



  

1 
 

 
Supporting Information  
 
 
Magnetic mesoporous nanocarriers for drug delivery with improved therapeutic efficacy  
 
Albert Serrà, Núria Gimeno, Elvira Gómez, Margarita Mora, Maria Lluïsa Sagristà, and 
Elisa Vallés* 
 
 
 

Cyclic voltammetries 

Voltammetric curves were recorded on Si / Ti (15 nm) / Au (100 nm) substrates (Figure 1S) 

in order to interpret the CoNi electrodeposition process in the microemulsion and to select the 

potentials able to form the CoNi mesostructures over gold surfaces. The blue curve (Figure 

1Sa) corresponds to the typical profile of a CoNi deposition process in an aqueous solution: 

with the nucleation and the growth loop in the cathodic scan, and the oxidation peak 

corresponding to the alloy oxidation. When both surfactant and ionic liquid are added to the 

aqueous solution to form the microemulsion, the voltammetric profile changes. To justify this 

change, cyclic voltammetries of aqueous solution containing surfactant (Figure 1Sb) and of 

the microemulsion at different cathodic limits (Figure 1Sc) were recorded. The presence of 

the surfactant in the CoNi aqueous solution leads to a small reduction peak prior to the main 

alloy deposition current (Figure 1Sb, cathodic limit -0.8 V). We can assign this first reduction 

peak to the initial deposition of nickel or nickel-rich deposit, over which the anomalous 

codeposition of CoNi takes place. The presence of the surfactant hinders the adsorption of the 

Co (II) species proposed in the mechanism of the anomalous CoNi electrodeposition,  [1] as the 

manner that the initial step of normal electrodeposition is detected.  

The voltammetries in the ionic liquid-in-CoNi aqueous solution microemulsion also shows a 

first reduction peak at around -0.6 V, assigned to the initial nickel deposition, followed by a 

main reduction peak assigned to the CoNi deposition. In the first reduction peak, the 
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accumulation of deposit by means of a hold allows detecting the oxidation peak 

corresponding to the first nickel-rich deposit formed at potentials prior to the oxidation of the 

CoNi alloy.  

When deposits were prepared from the three electrodeposition media (CoNi aqueous solution 

-W-, solution containing surfactant -W+S-, and IL/W microemulsion) the previous proposal is 

corroborated. In both W+S and IL/W systems, the obtained deposits at low deposition 

potentials (-650 mV) are nickel-rich, which is justified by the nobler character of this metal 

respect to the cobalt (Table 1S). At more negative potentials, the CoNi alloy is already 

formed, and anomalous codeposition takes place, because the composition of the deposits are 

cobalt richer than that of the obtained in CoNi solution. In the case of the W system, the initial 

nickel deposition is not observed, as has been found previously. 

From the performed voltammetric study, we can select potentials equal or more negative than 

-900 mV to assure the formation of the CoNi alloy from the IL/W microemulsion. In order to 

obtain the same composition of the CoNi structures from aqueous solution W (compact 

structures) or IL/W microemulsion (mesoporous structures) over gold substrate, a potential of 

-1000 mV was selected to form the deposits. 

 

Table 1S: Elemental composition of CoNi deposits (1.6 C cm-2) on Si / Ti (15 nm) / Au (100 

nm) substrates prepared at different potentials in non-stirring conditions. 

 W W + S IL/W microemulsion 

Elemental 

Composition / wt. % 

-650 mV 

Co 

- 

7 ± 2 6 ± 1 

Ni 93 ± 2 94 ± 1 

-900 mV 

Co 45 ± 2 34 ± 2 30 ± 1 

Ni 55 ± 2 66 ± 2 70 ± 1 

-1000 

mV 

Co 49 ± 1 49 ± 3 49 ± 3 

Ni 51 ± 1 51 ± 3 51 ± 3 
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Figure 1S: Cyclic voltammetry under stationary conditions at 50 mV s-1 of (a) aqueous 

solution (blue line) and IL/W microemulsion (green line); (b) 84.9 wt. % of aqueous solution 

+ 15.1 of Triton X-100; and (c) IL/W microemulsion with (green line) and without (black 

line) Co(II) and Ni(II) species.  
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Conductivity, surface tension and viscosity of various electrochemical media  

 

Table 2S: Conductivity, surface tension and viscosity of the different electrochemical media: 

aqueous solution (W), aqueous solution + surfactant (W+S) and IL/W microemulsion.    

 W W + S IL/W microemulsion 

Conductivity / mS cm
-1 

104 77.7 67.9 

Surface Tension / mN m
-1 

75 32 32 

Viscosity / mPa s 1.43 11.1 37.5 
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Cronoamperometric curves, SEM characterization and length distribution of 

synthesized coni nanorods 

 

 

 

Figure 2S:  Chronoamperometric curves (a), SEM images (b, c) and length distribution (d) of 

CoNi NRs obtained at -1000 mV on PC membranes at 25 ºC in aqueous solution (blue) and 

ionic liquid-in-aqueous microemulsion (green). Scale bar: 100 nm. 
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X-Ray Diffraction 

 
 
 
 
Figure 3S:  XRD patterns for (a) compact and (b) mesoporous CoNi@Au nanorods.  
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Selected area electron diffraction patterns and magnetic properties 

 

 

 

Figure 4S:  Representative Selected Area Electron Diffraction (SAED) of compact (a) and 

mesoporous (b) CoNi@Au NRs. Room-temperature in-plane hysteresis loops of compact 

CoNi@Au (c and d, continuous blue line) and CoNi@Au-SH-PEG (c and d, dashed blue line) 

nanorods and mesoporous CoNi@Au (c and e, continuous green line) and CoNi@Au-SH-

PEG (c and e, dashed green line). Scale bar: 4 nm-1. 
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Cytotoxic activity of CoNi@Au-SH-PEG nanorods  

 

 

 

Figure 5S:  HeLa cell viability after incubation for 24 h with functionalized compact (a) and 

mesoporous (b) CoNi@Au-SH-PEG nanorods at the amounts indicated in the figure, followed 

by 24 h additional incubation with fresh culture medium.  
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Nanorods uptake by HeLa cells 

 

Video 6S. Three-dimensional reconstruction of alive HeLa cells containing compact nanorods 

in the cytoplasm, demonstrating the internalization of the carriers. See the attached video file 

for compact NRs.  

 

Video 7S. Three-dimensional reconstruction of alive HeLa cells containing mesoporous 

nanorods in the cytoplasm, demonstrating the internalization of the carriers. See the attached 

video file for mesoporous NRs.  
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In this chapter, a brief introduction is given to state-of-the-art mesoporous synthesis, 

according to the literature. The aim of this chapter is to propose a new, versatile, 

environmentally friendly and highly effective procedure to grow mesoporous 

materials based on the use of ionic liquid microemulsions by means of 

electrodeposition. The studies focus on the synthesis of mesoporous nanowires, i.e. 

using a polycarbonate or alumina membrane (hard-template) to define the shape (as 

shape-controlled electrodeposition method) and microemulsions to define the porosity 

of nanomaterials.  

As a first step, we explored the use of IL/W microemulsions as a reactor for 

synthesising CoPt mesoporous nanorods, which lead to nanowires with a porous 

surface, which is significantly higher than those obtained in aqueous solution, based 

on the results of the electrochemically surface area and electrocatalytic activity 

towards methanol electro-oxidation in acidic media. However, the poor pore 

definition and the poor pore quality indicated that this procedure must be improved. It 

is important to emphasise that membranes were immersed for 24 h prior to 

electrodeposition, in order to ensure filling of the nanochannels of polycarbonate 

membranes (nominal diameters of 200 nm). Therefore, it is possible that this time can 

significantly favour the diffusion of electroactive species of aqueous solution to ionic 

liquid, which could inhibit its template capability. Moreover, in order to facilitate the 

process, semi-stirring conditions (Ar bubbling) were kept during the 

electrodeposition. Therefore, it is mandatory to improve the pore definition to be 

proposed as a realistic procedure.  

As a second step, bicontinuous and especially water-in-ionic liquid microemulsions, 

which are more robust systems in terms of template capability and other ionic liquid-

in-water microemulsions, were studied. In this case, the time prior to filling the 

nanochannels was reduced to four hours, and the semi-stirring conditions were 

maintained. It is important to emphasise that semi-stirring was fundamental because 

when water-in-ionic microemulsions were used, in non-stirring conditions, the current 

density decays after several minutes asymptotically to zero value as a consequence of 

the consumption of electroactive species dissolved in the water droplets that were 
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directly in contact with the electrode surface; however, when semi-stirring was 

applied, the current density decayed significantly slowly. Therefore, it is clear that 

semi-stirring in the bulk distorted the microemulsions structure, which is useful in 

order to obtain mesopores for water-in-ionic liquid microemulsions, but may be 

useless and harmful when ionic liquid-in-water microemulsions, was used. All of the 

microemulsion systems lead to nanoporous structures with different morphologies; 

however, only water-in-ionic liquid microemulsions lead to well-defined mesoporous 

nanowires.  

In both studies, the prepared CoPt nanowires were used as catalysts in the electro-

oxidation of methanol with excellent catalytic performance, which make these 

structures excellent candidates for the commercial exploitation of direct methanol fuel 

cells. However, the high cost and short lifespan of Pt, which has been recognised as 

the best catalyst for methanol oxidation, presents a major technical challenge, which 

is slowing down the progress of fuel cell commercialisation. In this sense, we have 

tackled this issue with the aim of verifying the use of water-in-ionic liquid 

microemulsions, as a robust procedure, to grow mesoporous nanowires by 

electrodeposition. Therefore, CoNi@Pt nanowires of 100 nm of diameter were 

synthesised, which exhibit an outstanding catalytic activity towards methanol 

oxidation in acidic media, with exceptional stability and low catalyst poisoning. 

However, the low deposition rate or W/IL microemulsions was a highly important 

limitation to propose this procedures as a competitive route. Based on these results it 

was considered interesting to analyse whether this distortion, which favours the 

formation of mesoporous materials when water-in-ionic liquid microemulsions were 

used, was harmful when ionic liquid-in-water microemulsions were used. Therefore, 

their use and optimisation was explored, which allowed mesoporous films of Co3Pt, 

CoPt3 and Pt to be first obtained, and then CoPt3 and Pt mesoporous nanowires of 100 

nm. In both cases, excellent pore definition was obtained with highly electrochemical 

surface areas and excellent catalytic performance towards methanol (films) or ethanol 

(nanowires) in alkaline media. Therefore, in non-stirring conditions, ionic liquid-in-

water microemulsions, with non-high viscosity, could be used for synthesising 

mesoporous nanomaterials with well-defined pores and deposition rates that were 

only slightly lower than in aqueous solutions, but were acceptable for the synthesis of 

such nanostructures. Thus, their outstanding catalytic performance and the fast, 
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simple, inexpensive and environmentally friendly synthesis procedure, make these 

magnetic structures, which can favour their easy manipulation, making them excellent 

candidates for the commercial exploitation of direct methanol or ethanol fuel cells.  

Lastly, based on the excellent features of these prepared materials, and with the aim 

of verifying that ionic liquid-in-water microemulsions are a robust system for 

synthesising mesoporous nanostructures, mesoporous CoNi@Au nanowires were 

synthesised as magnetic drug delivery systems. For this application, the formation of 

a gold layer is fundamental, which covers all of the nanowire and allows 

functionalisation with thiol-polyethyleneglycol molecules in order to confer a 

hydrophilic character, favouring their maintenance in suspension during several days 

by decreasing their aggregation, retaining the selected drug (Irinotecan), and allowing 

gradual release. As expected, mesoporous CoNi@Au nanowires in comparison with 

compact ones allowed higher loading of drugs in the mesoporous structure; higher 

loading in the more HS-PEG molecules adsorbed on the external surface; easier 

magnetic manipulation due to their specific magnetic properties; lower tendency to 

the sedimentation due to their lower mass; and significantly higher death cellular 

efficiency with a lower amount of carriers. Moreover, the magnetic character of the 

mesoporous nanowires favours their magnetic manipulation, magnetic targeting and 

accumulation. Moreover, enhanced therapeutic effects could be attained by applying 

an external rotating magnetic field, in which cellular death was also induced and 

enhanced as a consequence of mechanical destruction.  
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The study conducted for this thesis has focussed on the generalization or proposal of 

novel electrochemical shape-controlled approaches for the development or 

improvement of electrochemical micro- and nano-fabrication strategies in order to 

obtain micro or nanostructured materials with controlled sizes, shapes, compositions 

and properties. The requirements of the new electrochemical proposals for 

synthesising the metallic micro or nanostructures (nanoparticulated, nanopowdered, 

porous or mesoporous films and nanorods) have been defined in each case. The study 

has also sought to identify whether some of the prepared nanostructures could be 

proposed as competitive electrocatalysts for alcohol electro-oxidation and/or 

nanocarriers for drug delivery. The study sought to answer five questions, as follows:  

 Could EnFACE technology be used as a suitable approach for fabricating 

milli- and micro-patterned on large substrates?  

 Could classical and ionic liquid-based microemulsions be used as soft-

template media for shape-controlled electrodeposition?  

 Could microemulsions based on ionic liquid as electrochemical media for 

synthesising mesoporous nanomaterials of any material be proposed? 

 Could the use of mesoporous nanowires or films as effective and competitive 

electrocatalysts for alcohol electro-oxidation be proposed? 

 Could magnetic mesoporous nanorods be used as effective nanocarriers with 

enhanced therapeutic effects? 
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The main empirical findings are described specifically and summarized in each 

chapter: mask-less electrodeposition to synthesise metallic microstructures (Chapter 

4); microemulsions as electrochemical templates to synthesise metallic 

nanostructures (Chapter 5); and electrochemical preparation of mesoporous 

nanostructures (Chapter 6). Therefore, this section will synthesize the empirical 

findings to answer the study’s research questions. 

 EnFACE technology has been proposed as a competitive mask-less 

methodology, given the fast, scalable, economic and environmentally 

friendly synthesis procedure to sono-electro-transfer micro/millimetre 

features on large substrates. Well-defined millimetre squares were 

obtained with efficiencies of almost 90% and linear patterns of 200–240 µm, 

with slightly lower efficiencies than in the case of millimetre squares, but 

with high uniformity and excellent definition. The results obtained were 

comparable to those obtained by conventional through-mask plating but 

avoided the use of photolithographed cathodes. Nevertheless, the 

methodology needs to be optimized in order to permit nanofabrication.  

 

 Various types of classical microemulsions have been tested to establish 

under which conditions classical microemulsions could be proposed as 

the electrochemical template for the shape-controlled electrodeposition 

of different nanostructures. Both percolated W/O and bicontinuous 

microemulsions allowed metal (Co) or alloy (CoNi, CoPt) shape-controlled 

electrodeposition but at low or moderate deposition rates.  

 
 The use of classical microemulsions as electrochemical soft templates is 

possible and permits modulation of shapes, morphologies and magnetic 

properties of electrodeposited CoNi alloy nanostructures; therefore, the 

preparation of porous films, small nanoparticles and aggregates of 

nanoparticles has been possible when bicontinuous, percolated W/O and 

non-percolated W/O microemulsions, respectively, have been used. The 

preparation of CoPt nanostructured materials, in which spherical 

nanoparticles and branched structures were obtained in percolated W/O 

and bicontinuous microemulsions respectively, has been proved.  
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 Electrodeposition using microemulsions can be proposed as a useful 

complementary technique to characterise some microemulsions (at low 

charge densities). However, cryo-TEM studies of the microemulsion 

structure are required in order to confirm this potential conclusion.  

 
 W/IL microemulsions have been revealed to be a versatile, green, simple 

and inexpensive approach to synthesising nanoparticles with controlled 

size and composition, and therefore magnetic behaviour, by controlling 

the droplet size and aqueous solution concentration respectively. The 

preparation of hcp CoPt nanoparticles with various stoichiometries and sizes, 

allowed us the tuning of their magnetic behaviour, which varies from 

superparamagnetism (particle size approximately 18 nm) to hard magnetism 

(particle size approximately 98 nm).  

 
 W/IL microemulsions have been demonstrated as a new and easy 

electrochemical method to develop layers of composites using a one-step 

procedure, in which simultaneous electrodeposition from aqueous 

droplets and continuous ionic liquid components could take place. 

 
 Microemulsions based on ionic liquid have been proved to be suitable 

electrochemical media for growing mesoporous materials by means of 

electrodeposition method. Co-based mesoporous films or mesoporous 

nanowires, in which nanorod shapes were defined using polycarbonate or 

alumina membranes, could be prepared in an easy and competitive way. 

Bicontinuous, W/IL and IL/W microemulsions have been studied and 

optimized in order to conclude that, in non-stirring conditions, IL/W 

microemulsions with non-high viscosity could be used for synthesising 

mesoporous nanomaterials with well-defined pores and moderate 

deposition rates only slightly lower than in aqueous solutions but acceptable 

for the synthesis of such nanostructures. The preparation of mesoporous Pt 

or magnetic mesoporous CoNi, CoNi@Au, CoNi@Pt, CoPt alloyed 

nanorods with different stoichiometries, dimensions and magnetic behaviour 

has been synthesised.  
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 All the Co-based films and nanowires have been tested as catalysts in the 

electro-oxidation of alcohols in acidic or alkaline media with excellent 

catalytic performance, which make these structures (CoPt3) excellent 

candidates for the commercial exploitation of direct alcohol fuel cells. 

 
 Magnetic mesoporous CoNi@Au nanowires, functionalised with thiol-

polyethyleneglycol, allowed high loading of a drug (irinotecan) in the 

mesoporous structure. These carriers provide an enhanced therapeutic 

effect as a consequence of the sum of the high drug loading combined 

with the mechanical destruction when applying an external rotating 

magnetic field. These structures could be proposed as smart nanocarriers 

for drug delivery.  

 

The study has offered an evaluative perspective on important fields for the 

development of our society (micro and nanofabrication, catalysis and drug 

delivery). In spite of what is often reported about the benefits of sustainable and 

environmentally friendly procedures, as we have done in this thesis, it is important 

to note that this work has offered only several proposals and solutions in order to 

contribute to the development of our society. Therefore, significant work must be 

done in order to optimize, discuss and improve our proposals or to introduce more 

innovative and competitive methods.  
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L’objectiu de tota recerca és (o hauria de ser) intentar cercar/trobar/descobrir/millorar 

quelcom que ens permeti entendre el passat, afrontar el present o somiar un futur 

millor. Així doncs, quan sentim la paraula recerca ràpidament intentem plantejar-nos 

un qui, un què, un quan, un per què o un com sobre una determinada qüestió.  

New Electrochemical Strategies for Synthesising Micro- and Nano-structures és un 

recull de la recerca que he desenvolupat, al llarg de la meva tesi doctoral, en el Grup 

d’Electrodeposició de Capes Primes i Nanoestructures (GE-CPN) de la Universitat de 

Barcelona sota supervisió de la Dra. Elisa Vallés i la Dra. Elvira Gómez. Per tant, 

recull noves propostes de síntesi electroquímica de materials micro- i 

nanomètrics (magnètics), al mateix temps que en alguns casos demostra el seu 

potencial ús com a possibles catalitzadors per a piles de combustible o vehicles 

intel·ligents (nanorobots) per a l’alliberament de fàrmacs. Així doncs, intenta 

desenvolupar noves vies de síntesi per afrontar dos reptes especialment sensibles i 

rellevants per a la nostra societat (subministrament energètic o tractament del càncer).  

A partir de les potencials aplicacions resulta evident el fort caràcter interdisciplinari 

dels resultats que s’exposen i que exigeixen la col·laboració i guiatge d’experts en el 

camp del magnetisme o la bioquímica, sense obviar, per això, que el nucli central de 

la recerca és el desenvolupament de noves estratègies de síntesi electroquímica.   
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La deposició electroquímica de metalls i/o aliatges implica la reducció d’ions 

metàl·lics presents en una solució aquosa, sal fosa o líquid iònic com a conseqüència 

de dos possibles processos diferents: electrodeposició (electrons subministrats per una 

font d’alimentació externa) i electroless (mitjançant l’ús d’un agent reductor dissolt 

en el medi, és a dir, sense el subministrament d’electrons mitjançant una font 

d’alimentació externa).  Ambdós processos es poden representar mitjançant la següent 

equació (Eq. 8.1): 

𝑀𝑛+ +  𝑛 𝑒−  → 𝑀              (Eq. 8.1) 

Així doncs, l’electrodeposició és el procés en el qual els ions metàl·lics presents en 

una solució es redueixen per recobrir un substrat/objecte conductor (o 

semiconductor), és a dir,  és un procés heterogeni que té lloc a la regió elèctrode - 

dissolució interficial. Tanmateix, per promoure l’oxidació o reducció d’una 

determinada espècie cal un mínim d’energia, que fàcilment podem  relacionar amb el 

potencial d’elèctrode (E) i el potencial d'equilibri (Eeq) per a cada semireacció. En la 

majoria dels processos d'electrodeposició, cal aplicar un potencial més alt (en termes 

absoluts) que el potencial d'equilibri per a superar la barrera d’activació i permetre la 

reducció. Aquest potencial addicional necessari, anomenat sobrepotencial (η), es pot 

definir com la diferència entre el potencial d'elèctrode quan un corrent està fluint i el 

potencial d'equilibri. Per tant, representa l'energia extra necessària per a forçar la 

reacció a la velocitat requerida. Per altra banda, hi ha alguns elements bàsics per a dur 

a terme una electrodeposició:  

o L'electròlit: conté els ions del metall o metalls a dipositar (espècies 

electroactives) així com altres espècies que permeten controlar el pH, 

augmentar la conductivitat o millorar-ne les característiques i la qualitat 

del material a dipositar (additius). 

o La cel·la electrolítica: recipient que conté la solució electrolítica. 
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o Una font d’alimentació o un potenciòstat / galvanòstat: equip que 

s’utilitza per aplicar i mesurar el senyal durant el procés 

d'electrodeposició. 

o Els elèctrodes: sistemes de dos elèctrodes (ànode i càtode) o de tres 

elèctrodes (treball, auxiliar i referència). Per a qualsevol procés 

d’electrodeposició necessitem com a mínim un sistema de dos 

elèctrodes per assegurar l’electroneutralitat de la dissolució, i així 

distingirem l’elèctrode on té lloc la reducció, el càtode, que pot ser un 

material conductor o semiconductor (elèctrode de treball en un sistema 

de tres elèctrodes) i l’oxidació, l’ànode (elèctrode auxiliar en un sistema 

de tres elèctrodes). No obstant això, per tal de tenir un millor control, 

s’introdueix un tercer elèctrode que s'anomena elèctrode de referència, 

ja que permet el control del potencial de l'elèctrode de treball.  

Tanmateix, les primeres evidències de l’ús de la deposició electroquímica es 

remunten a fa més de 3.000 anys. En són exemples les troballes d’alguns objectes 

recoberts amb una fina capa de coure a les tombes de Tebes i Memfis. Tanmateix, 

aquesta pràctica no es restringia a una determinada zona geogràfica, ja que també  

s’han trobat fines capes d’or (formades possiblement mitjançant una reacció de 

desplaçament galvànic) sobre les màscares de la Loma Negra (Costa de Perú) 

d’aproximadament 2.000 anys d’antiguitat. Per tant, sembla que era una pràctica 

recurrent a diferents indrets. 

No obstant això, l’inici de l’electrodeposició moderna no apareix fins l’any 1805 de la 

mà del científic italià Luigi V. Brugnatelli (1761-1818), qui explota la pila Volta que 

havia inventat Alessandro Volta (1745-1827) l’any 1800. Pràcticament al mateix 

temps també és important assenyalar que Cruickshank diposita coure a Londres. 

Tanmateix, aquests descobriments van ésser inicialment ignorats per l’Acadèmia de 

les Ciències de França. Al cap d’uns anys Wright (1808-1844), George Richard 

Elkington (1801-1865) i Henry Elkington (1789-1851) a Birmingham, Von Jacobi 

(1801-1874) a St. Petersburg (Rússia), o Jordan (1799-1867) i Spencer (1802-1881) a 

Londres fan importants avenços en el desenvolupament de la tecnologia 

electroquímica i diferents banys per a l’electrodeposició de coure, plata i or; que 
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ràpidament converteixen aquesta tecnologia en un important sector industrial. Per 

tant, naixia la galvanoplàstia com un sector emergent i n’era una evidència la primera 

patent per a la deposició d’or i plata (1840) dels germans Elkington. A partir d’aquest 

moment es van anar desenvolupant i optimitzant nous banys per a l’electrodeposició 

d’altres metalls, sobretot metalls preciosos. Per altra banda, durant la dècada de 1850 

es desenvolupen també recobriments industrials per a la prevenció de la corrosió, 

especialment de ferro i aliatges de ferro. En aquest sentit, és important reconèixer 

l’èxit dels recobriments industrials de zinc, cadmi, estany, níquel i crom, a més dels 

de coure i els aliatges (llautó i bronze). 

A mitjan segle XIX, la modelització i estudi de l’electroquímica realitzada per 

Faraday (1791-1867) i Daniell (1790-1845) van significar un important avenç per a 

l’electrodeposició. En aquest sentit, són especialment rellevants el descobriment de la 

llei de l'electròlisi de Faraday, vital per a la comprensió de les reaccions electròdiques 

o per entendre el que passa en la interfase d'un elèctrode; o el desenvolupament de la 

pila Daniell, que resolia el principal problema de les piles voltaiques que només 

podien proporcionar corrent durant un curt període de temps.  

A finals del segle XIX la indústria de la galvanoplàstica rep un important impuls amb 

l’arribada dels generadors elèctrics, amb la qual cosa se supera la limitació de 

potència del corrent continu i, per tant, es permet el desenvolupament de la producció 

de components metàl·lics de  màquines: peces d'automòbils que requerien protecció 

contra la corrosió i propietats de desgast millorades, però també millores en 

l’aparença i els acabats. També és rellevant remarcar que des de finals de segle XIX 

s’inicien importants avenços des del punt de vista científic. 

Finalment, les dues guerres mundials i la indústria de l’aviació catalitzen i motiven el 

desenvolupament i millora dels processos d’electrodeposició. Tanmateix, aquesta 

indústria no s’obre de forma significativa a noves aplicacions o a l’àmbit de la recerca 

fins a mitjan dècada de 1950, data a partir de la qual comencen a aparèixer el model 

de nucleació i el de creixement, entre molts altres avenços que aniran confluint en 

l’electrodeposició moderna. És especialment rellevant el descobriment de noves 

tècniques de caracterització.  
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Així doncs, l’electrodeposició s’acabarà imposant com una important branca de 

l’electroquímica tant en l’àmbit de la indústria com en l’àmbit de la recerca, amb una  

especial rellevància de la síntesi de nous materials (micro- i nanomètrics). 

D’acord amb aquesta breu ressenya històrica és evident que l’electrodeposició 

presenta importants avantatges, o almenys una elevada competitivitat amb la resta de 

mètodes de deposició de materials, que justifiquen l’important paper en la indústria i 

en la recerca de nous materials intel·ligents, especialment en la micro- i la nanoescala.  

L’electrodeposició és una tecnologia amb un important potencial com a conseqüència 

de l’àmplia gamma de materials que es poden preparar d’una forma competitiva, 

econòmica i relativament sostenible. Tanmateix, si s’hagués de remarcar quina és la 

característica més atractiva d’aquesta tecnologia segurament s’afirmaria de manera 

unànime que és el baix cost i la simplicitat dels dispositius experimentals que exigeix, 

sempre en comparació amb altres tècniques físiques i químiques. No obstant això, els 

principals avantatges d’aquesta metodologia són: (a) dispositiu experimental senzill i 

condicions de treball suaus; (b) àmplia gamma de materials; (c) velocitats de 

deposició generalment superiors a altres tècniques; i (d) fàcil micro- i nanofabricació 

mitjançant els mateixos dispositius experimentals. Per altra banda, cal reconèixer 

també que presenta alguns inconvenients importants com podrien ser l’obtenció de 

dipòsits amb uniformitats sensiblement inferiors a altres tecnologies, que exigeix el 

control de molts factors com ara la hidrodinàmica de l'esgotament de les espècies 

electroactives o que requereix utilitzar substrats amb una conductivitat elèctrica 

relativament elevada, entre altres. Tanmateix, l’electrodeposició és fins avui la ruta 

més econòmica i competitiva per a la producció de diverses mili-, micro- i 

nanoestructures metàl·liques. 

Així doncs, tenint en compte el seu potencial, s’ha introduït com una important branca 

de la micro- i nanofabricació de nous materials. En aquest sentit, és rellevant remarcar 

que durant les últimes tres dècades un important percentatge de la recerca en el camp 

de l’electrodeposició es focalitza en la preparació de micro- i nanoestructures per 

aplicacions en els camps de la biologia, la medicina, la mecànica, l’energia i, molt 

especialment, en el camp de l’electrònica. La microfabricació mitjançant 

l’electrodeposició s’ha basat especialment en l’ús de substrats estampats (plantilles 

dures) i ha concentrat importants esforços en l’optimització dels banys, reactors i 
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condicions de treball per millorar la uniformitat dels materials preparats. Per altra 

banda, en l’àmbit de la nanociència i nanotecnologia s’han fet esforços importants per 

crear i dissenyar nous materials amb propietats millorades i potencials aplicacions en 

moltes àrees, com ara l'electrònica, l'optoelectrònica, la medicina i la catàlisi.   
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L'objectiu d'aquesta tesi és el desenvolupament de nous mètodes i/o estratègies per a 

la preparació electroquímica de diferents materials micro- i nanoestructurats. En 

aquest sentit s’ha desenvolupat la fabricació de microestructures (Cu), capes primes 

(base Co), compòsits (CoPt-Ni), nanopartícules (Co, Pt, CoNi, CoPt), nanopols (Pt, 

CoPt) o estructures mesoporoses en forma de capes primes o nanofils  (Pt, CoNi, 

CoPt, CoNi@Pt, CoNi@Au, CoPt), que en la majoria de casos es testaran per a  

aplicacions magnètiques o elèctriques, catalítiques o biomèdiques. Així doncs, els 

objectius específics d’aquesta tesi s’enumeren a continuació: 

o Optimització de la tecnologia Electrochemical nano-Fabrication using 

Chemistry and Engineering (EnFACE) com a mètode alternatiu a la 

microfabricació clàssica, basada en la deposició directa sobre una 

determinada plantilla per a la preparació de microestructures 

metàl·liques sobre substrats conductors. Optimització de les condicions 

experimentals per a la transferència de milli- i micromotius de coure 

amb una excel·lent definició i uniformitat sobre substrats amb àrees 

relativament grans (dimensions: 74 mm A7 s'establirà x 105 mm); amb 

l’objectiu final de proposar aquesta metodologia com una tècnica de 

microfabricació competitiva, escalable i sostenible que pugui ser 

rellevant en els camps de l’electrònica o la indústria dels sensors.  

 

o Proposar l’ús de diferents tipus de microemulsions clàssiques (aigua en 

oli o bicontínues) com a nous medis electroquímics per a la síntesi de 

nanoestructures. Preparació de diferents nanomaterials base Co 

mitjançant l’ús de diverses plantilles toves com a medi 

d’electrodeposició; es proposa una alternativa a l’ús d’agents reductors 

poc sostenibles i altament agressius.  

 
o Proposar l’ús de microemulsions no clàssiques –base líquid iònic 

(substitució del component oli per un líquid iònic)– com a plantilles 

toves d’electrodeposició amb la finalitat de preparar nanoestructures de 
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forma controlada. Preparació de nanopartícules amb mida, composició i 

propietats magnètiques controlades. La substitució de l’oli busca 

millorar la conductivitat del sistema, al mateix temps que mantenir la 

capacitat del medi d’actuar com a plantilla tova.  

 
o Proposar una nova estratègia de síntesi electroquímica de 

nanoestructures (capes primes i nanofils) mesoporoses magnètiques 

basada en l’ús de diferents tipus de microemulsions base líquid iònic de 

diferents materials (Pt, CoPt, CoNi, CoNi@Pt, CoNi@Au). Testar les 

potencialitats i debilitats de la metodologia proposada.  

 
o Testar l’ús dels materials mesoporosos magnètics com a catalitzadors 

per a l’electrooxidació d’alcohols (metanol o etanol) per a desenvolupar 

electrocatalitzadors competitius per a piles de combustible. 

 
o Testar la possibilitat d’administrar fàrmacs mitjançant vehicles 

mesoporosos magnètics proposant un efecte terapèutic millorat com a 

conseqüència de l’estimulació magnètica.  
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Actualment, la tècnica més emprada en el procés de microfabricació és la litografia; 

dins de la qual podem distingir diferents tipus. La fotolitografia és la més rellevant per 

la importància del seu ús. En la Figura 8.1 s’esquematitza el procés de fabricació de 

màscares mitjançant aquesta metodologia basada en el recobriment d’un substrat 

mitjançant una resina fotosensible, que posteriorment s’exposa a una font de llum a 

través d’una fotomàscara, de manera que transfereix el patró de la fotomàscara i dóna  

lloc, per tant, a una plantilla. Aquesta plantilla podrà actuar com a màscara de 

deposició de materials mitjançant diferents tecnologies: evaporació, polvorització 

catòdica i electrodeposició, entre altres.  

Així doncs, aquesta metodologia de microfabricació es fonamenta en la utilització 

d’un patró, preparat per litografia, per a la deposició o atac de les parts no protegides 

mitjançant una màscara. És evident, per tant, que es tracta d’una metodologia que 

implica el sacrifici de la màscara per a la producció de cada microestructura, fet que 

suposa un important cost econòmic, al mateix temps que una major despesa de temps 

en el procés de microfabricació. Tanmateix, és la metodologia més utilitzada, en tant 

que presenta una important eficiència, no exigeix un equipament excessivament car i 

permet obtenir micromaterials amb una bona definició. No obstant això, és evident 

també que la possibilitat de poder reutilitzar la plantilla suposaria un important avenç 

en aquest procés de microfabricació i una important reducció dels costos i despeses 

durant el procés de producció.  

En aquesta tesi s’estudia i s’optimitza una metodologia desenvolupada per la Dra. 

Sudipta Roy a la Universitat de Newcastle, coneguda com a Electrochemical nano-

Fabrication using Chemistry and Engineering (EnFACE). Aquesta metodologia, 

esquematitzada en la Figura 8.2, es fonamenta en l’electrotransferència dels motius 

definits en un substrat per deposició o atac, sense afectar de forma significativa el 

substrat que té la resina definint el patró, cosa que en permet la reutilització diverses 

vegades. Per tant, en lloc d’utilitzar la plantilla de fotolitografia una sola vegada, 

pretén  augmentar-ne substancialment la vida útil, sense perdre definició ni qualitat.   
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Figura 8.1: Representació esquemàtica del procés de microfabricació usant litografia. 

Aquesta tecnologia exigeix un important control del disseny del reactor, al mateix 

temps que esdevé imprescindible col·locar l’ànode i el càtode a una distància inferior 

als 500 µm; separació que pot limitar el transport de massa i dificultar l’alliberament 

de gas (hidrogen, oxigen) durant el procés. Aquest gas, retingut entre els dos 
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elèctrodes, tindria importants efectes sobre la uniformitat del material. Per altra 

banda, també pot ser rellevant la variació local del pH que pot provocar la passivació 

de l’eina. Per tant, els nostres esforços s’han centrat en l’optimització de la 

composició d’un bany i de les condicions de treball que permetin transferir mili- i 

micromotius de coure amb una elevada uniformitat, comparable a una 

electrodeposició clàssica sobre una plantilla litografiada.  

 

Figura 8.2: Representació esquemàtica del procés de microfabricació mitjançant la 

metodologia EnFACE. 
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Així doncs, els resultats obtinguts mitjançant experiments d’electrotransferència de 

motius de coure d’1 cm2 i línies micromètriques, mitjançant un tanc ultrasònic de 18 

L, sobre làmines de coure de mida A7, han permès: (a) demostrar l'escalabilitat 

d'aquest mètode, en tant que l’estat de l’art de la metodologia només s’havia testat 

sobre substrats mil·limètrics; (b) demostrar la viabilitat de treballar a baixes potències 

d’ultrasons, cosa que permet una bona transferència de massa, garanteix la no retenció 

de gasos entre els elèctrodes i millora la vida útil de la plantilla; (c) proposar un bany 

de coure amb un baix contingut d’additius i lliure d’àcid; (d) obtenir uns resultats 

comparables a la metodologia clàssica (electrodeposició utilitzant la màscara com a 

càtode). 

Inicialment es van realitzar diversos experiments per determinar el corrent límit per  a 

la deposició de coure a diferents potències d’ultrasons, mantenint una distància de 

separació entre els elèctrodes d’1,5 mm (lleugerament superior a la separació de 

treball), ja que amb separacions inferiors no es poden obtenir valors fiables. 

Tanmateix, aquestes primeres dades demostren ja la possibilitat de treballar amb 

baixes potències d’ultrasons i permeten seleccionar una potència de 5 W L-1.   

Així doncs, mitjançant aquestes condicions es va procedir a la transferència de 

quadrats d’1 cm2, els quals van presentar una bona definició i eficiències de 

transferència properes al 90%. Per altra banda, tal com es pot observar en la Figura 

8.3 l’electrotransferència de motius lineals d’entre 200 i 240 µm, amb eficiències 

lleugerament inferiors en comparació amb la transferència de quadrats mil·limètrics, 

era possible i al mateix temps permetia obtenir motius amb una excel·lent definició i  

comparables als obtinguts mitjançant l’electrodeposició sobre la màscara. Això 

representa un estalvi significatiu en comparació amb l’electrodeposició convencional 

a través de màscara. Per tant, la metodologia EnFACE és un procés electroquímic de 

microfabricació prometedor per a substrats de grans dimensions.  
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Figura 8.3: (a) Imatges de microscòpia òptica i perfils 3D de gruix (b) i rugositat (c) dels 

motius lineals transferits amb una potència d’ultrasons de 5 W L-1 i una densitat de corrent de 

20 mA cm-2. Escala: 200 µm. 
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La síntesi de nanoestructures, sobretot nanopartícules, mitjançant reaccions a 

l’interior de gotes d’una microemulsió és una de les metodologies més freqüentment 

utilitzades i explorades per, d’una manera fàcil, versàtil i reproduïble, sintetitzar 

químicament nanopartícules amb una alta monodispersitivitat.  Les microemulsions 

són sistemes isotròpics, òpticament transparents, macroscòpicament homogenis i 

estables termodinàmicament, per tant, formats espontàniament; tradicionalment estan 

constituïts per almenys tres components: un de polar (normalment aigua), un de no 

polar (generalment un oli) i un de tensioactiu (molècula amfifílica). Tanmateix, són 

sistemes microheterogenis, entre els quals es poden distingir microemulsions d’oli en 

aigua (O/W), d’aigua en oli (W/O) –que contenen gotetes d’oli o aigua d’entre 1 i 100 

nm, respectivament– o bicontínues –formades per dominis d’aigua i oli nanomètrics 

interconnectats. Per tant, poden ser considerades com a plantilles toves, és a dir, 

poden actuar com a nanoreactors per a la síntesi química de nanomaterials.  

En aquest treball s’han estudiat i analitzat aquests sistemes com a banys electrolítics 

per a la síntesi electroquímica de materials nanoestructurats, és a dir, s’han proposat 

com a plantilles toves (nanoreactors) per a electrodeposició. Per tant, s’ha analitzat, 

proposat i generalitzat una nova estratègia de síntesi de nanomaterials, fonamentada 

en la substitució dels agents reductors químics clàssics (generalment agressius) que 

s’utilitzen habitualment per a la síntesi en microemulsió, per la reducció 

electroquímica confinada per la microemulsió que actuarà de plantilla, permetent 

plantejar una proposta més sostenible (esquematitzada en la Figura 8.4). A més, l’ús 

de diferents estructures de microemulsions permetrà preparar diferents tipus de 

materials metàl·lics nanoestructurats. En cada cas, com a component aquós de la 

microemulsió s’escull una dissolució electrolítica i l’electrodeposició té lloc a partir 

de les espècies electroactives contingudes en aquest component aquós. 

 

 



 Resum en Català 

 

 

- 359 - 

 

 

Figura 8.4: Representació esquemàtica de la proposta plantejada en aquesta memòria.  

A partir dels resultats que s’han presentat en aquesta memòria resulta evident que les 

microemulsions W/O i bicontínues són els sistemes més útils per a l’electrodeposició 

de nanoestructures o capes primes poroses metàl·liques (Co) o d’aliatges (CoNi o 

CoPt), amb velocitats d’electrodeposició baixes o lleugerament moderades. No 

obstant això, és evident també que les microemulsions clàssiques no són uns sistemes 

òptims per a l’electrodeposició, en tant que presenten una alta resistència òhmica 

conseqüència del component dielèctric (oli) i de l’alta viscositat de la majoria de 

tensioactius i/o olis.  

Els primers resultats basats en l’electrodeposició d’un aliatge de CoNi permeten 

obtenir capes primes poroses (Figura 8.5.a) o nanopartícules i agregats de 

nanopartícules (Figura 8.6.a) utilitzant respectivament microemulsions bicontínues, 

W/O percolades i W/O no percolades, on el component aquós és una dissolució 

electrolítica de CoNi. Per tant, es demostra la viabilitat d’utilitzar les microemulsions 

com a nanoreactors electroquímics que permeten obtenir i modular diferents 
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nanoestructures, i per tant, modular la forma, la morfologia i les propietats 

magnètiques dels dipòsits de CoNi.  

Per altra banda, amb l’objectiu d’analitzar la possibilitat de generalització del mètode 

a qualsevol tipus d’aliatge, es va treballar amb el procés de formació de dipòsits de 

CoPt en microemulsions, procés que presenta una baixa eficiència en medi aquós. El 

mètode permet sintetitzar nanopartícules esfèriques (Figura 8.6.b) i estructures 

ramificades (Figura 8.5.b) quan s’utilitzen microemulsions W/O percolades i 

bicontínues, respectivament. És important remarcar que la càrrega circulada en aquest 

darrer cas era la mateixa que en el cas del CoNi, que recordem que donava capes 

primes poroses en el cas de la microemulsió bicontínua; fet que demostra la menor 

eficàcia del procés d’electrodeposició de l’aliatge de CoPt (esperable) i constata que 

el potencial, la càrrega i altres paràmetres de síntesi són encara més cabdals en aquest 

tipus de plantilles toves.  

Figura 8.5: (a) Micrografies SEM de capes primes poroses de CoNi obtingudes en una 

microemulsió bicontínua i (b) micrografies HR-TEM de nanopartícules de CoPt obtingudes 

mitjançant una microemulsió bicontínua.  

Finalment, després d’analitzar la viabilitat d’aquests primers sistemes es va optar per 

explorar altres microemulsions bicontínues, que per les seves característiques podien 
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presentar una menor capacitat d’actuar com a plantilles. Així doncs, es van provar 

microemulsions amb un alt contingut de solució aquosa, microemulsions amb un alt 

contingut de tensioactiu o microemulsions sense tensioactiu (surfactant-free 

microemulsions). Per aquest estudi s’utilitza un bany de Co(II), com a component 

aquós de la microemulsió amb l’objectiu d’establir quines característiques o 

requeriments han de tenir les microemulsions bicontínues per permetre una fàcil 

electrodeposició tot mantenint aquest caràcter de plantilla tova. 

 

 

Figura 8.6: (a) Micrografies SEM d’agregats de nanopartícules de CoNi obtinguts mitjançant 

una microemulsió W/O no percolada i (b) micrografies HR-TEM de nanopartícules de CoPt 

obtingudes mitjançant una microemulsió W/O percolada.   
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En resum, es pot concloure que les microemulsions clàssiques permeten 

l’electrodeposició confinada i donen lloc a nanoestructures sobre el substrat, encara 

que a velocitats de deposició baixes o moderades; el tipus de microemulsió modula la 

forma, la composició i la mida del dipòsit final. A més, aquests sistemes són 

relativament sensibles al consum d’ions durant el procés electroquímic. No obstant 

això, es va procedir a estudiar la substitució del component oli per un líquid iònic 

(més conductor) amb l’objectiu d’augmentar la velocitat de síntesi  i poder proposar el 

mètode com a competitiu per a la síntesi electroquímica de nanoestructures. Els 

líquids iònics (RTIL) presenten unes característiques excepcionals  (alta densitat de 

càrrega, estabilitat electroquímica, baixa volatilitat, etc.) per a ser utilitzats com a 

dissolvents en electroquímica, fet que ha generat un important i creixent ús durant 

aquests darrers anys.  

En aquesta tesi s’ha plantejat també l’ús de microemulsions que contenen líquid iònic 

com a medis d’electrodeposició, substituint l’oli en una microemulsió W/O 

(esquematitzat en la Figura 8.7) amb la idea d’aconseguir una major conductivitat de 

la microemulsió i un millor confinament del component aquós en la microemulsió. 

L’objectiu plantejat va ser la preparació, mitjançant un mètode versàtil, net, simple, i 

econòmic, de dipòsits nanoparticulats sobre l’elèctrode, amb mida de partícula 

controlada i uniforme, quan el dipòsit es forma únicament a partir de les espècies 

electroactives contingudes en el component aquós de la microemulsió. També es va 

proposar la preparació de compòsits mitjançant l’electrodeposició simultània 

d’espècies electroactives solubilitzades en el component aquós i en el líquid iònic.  
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Figura 8.7: Representació esquemàtica de la proposta plantejada en la present memòria.  

Així doncs, un primer estudi mitjançant microemulsions W/IL demostrava que era 

possible superar el principal problema de l’ús de microemulsions clàssiques, és a dir, 

la baixa conductivitat. Aquest primer estudi va demostrar que la síntesi 

electroquímica de nanopartícules monodisperses de CoPt era possible, al mateix 

temps que competitiva, en tant que permetia dipositar nanopartícules suportades sobre 

un substrat (fàcilment alliberables) de mides i composicions diferents. Els principals 

avantatges d’aquest nou enfocament eren, com ja s’ha comentat, d’una banda, la 

major conductivitat, que es traduïa en velocitats d’electrodeposició més competitives; 

i de l’altra, la possibilitat de controlar la mida de la gota i la composició de la 

nanopartícula mitjançant el control de la quantitat de solució aquosa i la concentració 

d’espècies electroactives que es dissolen en la solució aquosa, respectivament (Figura 

8.8). Aquesta metodologia ha permès preparar nanopartícules de CoPt de fase 

cristal·lina hexagonal compacta (hcp) de mides compreses entre els 10 i 120 

nanòmetres, diferents estequiometries (66 a 88% de cobalt, en atòmic) i propietats 

magnètiques variables, passant d’un comportament superparamagnètic a hard-

magnètic.   
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Figura 8.8: Esquema de la síntesi electroquímica de nanopartícules de CoPt mitjançant una 

microemulsió W/IL i micrografies de nanopartícules de CoPt obtingudes mitjançant diferents 

microemulsions W/IL amb diferent percentatge de component aquós.  

Finalment, s’ha demostrat també la possibilitat de preparar compòsits mitjançant 

l’electrodeposició simultània en ambdós components  –líquid iònic i solució aquosa– 

de la microemulsió, solubilitzant en cadascun espècies electroactives diferents. Per a 

aquest estudi es va optar per la preparació de microemulsions W/IL en les quals el 

component aquós es basava en una solució aquosa de Co(II) i Pt (IV), mentre que el 
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líquid iònic contenia dissolt Ni (II). Així doncs, a partir de la naturalesa de la 

microemulsió s’ha aconseguit dipositar nanopartícules de CoPt en una matriu de Ni 

de forma separada. En aquest cas, s’ha pogut observar que les diferents velocitats de 

deposició del component aquós i del líquid iònic indueixen una electrodeposició 

seqüencial quan el sistema es manté sense agitació: es formen inicialment les 

nanopartícules de Co-Pt i, després, la matriu de níquel (esquematitzat en la Figura 

8.9). Així doncs, es conclou que les microemulsions poden ser una metodologia fàcil, 

nova i sostenible per a l’electrodeposició de capes de materials compostos amb 

nanopartícules d’aliatges o metall en una matriu d’aliatge o metall utilitzant un 

procediment seqüencial en una sola etapa, en què la composició de nanopartícules la 

defineix la concentració de la solució aquosa.  

 

Figura 8.9: Representació esquemàtica de la síntesi electroquímica de nanopartícules 

magnètiques de CoPt en una matriu de Ni. 
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Segons la IUPAC els materials porosos poden dividir-se en tres classes diferents en 

funció de la mida dels porus: microporosos (mida de porus < 2 nm), mesoporosos 

(mida de porus en l’interval d’entre 2 i 50 nm) i macroporosos (mida de porus > 50 

nm). Actualment, cal fer notar que s’ha desenvolupat un important interès per la 

síntesi de materials porosos, especialment en l’àmbit nanomètric, ja que gràcies a les 

seves atractives propietats, com poden ser l’alta àrea superficial o el volum de porus, 

entre altres, presenten potencials aplicacions en el camp de la catàlisi, adsorció, 

anàlisi, energia, emmagatzemament de gasos, subministrament de fàrmacs... Per tant, 

són potencials candidats per afrontar alguns dels principals reptes que té la nostra 

societat.   

Actualment existeixen diferents mètodes –sol-gel, micel·la inversa, hidrotermal, 

solvotermal, CVD, PVD, electrodeposició, sonoquímica, entre altres– per  sintetitzar 

materials mesoporosos. Es fonamenten principalment en dues estratègies:  

o El soft-templating o mètode endotemplate: basat en la utilització d’una 

plantilla tova formada mitjançant l’ús de tensioactius i d’agregats 

supramoleculars, entre altres, en un medi líquid amb precursors 

inorgànics. La principal limitació rau en el nombre limitat de materials 

que poden obtenir-se mitjançant aquesta estratègia i en la baixa qualitat 

i la pobre definició dels porus per a alguns tipus de materials.  

 

o El hard-templating o mètode exotemplate: basat en la utilització de 

sòlids porosos, és a dir, plantilles dures. Permet sintetitzar una àmplia 

gama de materials amb una alta qualitat i una definició excel·lent. 

Tanmateix, és una metodologia més complexa que també presenta 

algunes limitacions per a la preparació d’alguns tipus d’estructures. 
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No obstant això, és important remarcar que existeixen moltes propostes noves, la 

majoria de les quals podrien classificar-se dins d’aquests dos grans grups.  

Per altra banda, també és important remarcar que l’electroquímica pren un paper 

important en el camp de la preparació i caracterització dels materials mesoporosos. En 

aquest sentit, permet caracteritzar algunes de les propietats més significatives (àrea 

real efectiva, entre altres) d’alguns materials mesoporosos, així com la seva 

reactivitat. No obstant això, recentment s’ha demostrat que els mètodes 

electroquímics també són una tecnologia atractiva per a la síntesi de materials 

mesoporosos sobre la superfície d’un elèctrode, perquè permeten preparar estructures 

mesoporoses de metalls, semiconductors, òxids metàl·lics i polímers, entre d'altres. 

Diversos estudis han corroborat que, mitjançant l’electrodeposició combinada amb 

l’ús de plantilles toves –és especialment rellevant l’ús de cristalls líquids i de 

solucions micel·lars– i plantilles dures –principalment per a la producció de capes 

mesoporoses–, però també amb la dissolució selectiva del metall menys noble d’un 

aliatge (conegut com a dealloying), es poden obtenir fàcilment estructures poroses. 

Tanmateix, l’electrodeposició amb forma controlada, generalment producte de la 

combinació d’una plantilla dura amb una de tova o amb un tractament posterior de 

dealloying, no permet obtenir una àmplia gamma de materials o una porositat 

ordenada. Per tant, en aquesta memòria es presenten els resultats de l’optimització 

d’una nova proposta de síntesi de materials mesoporosos de qualsevol material 

metàl·lic de forma controlada mitjançant un procediment senzill basat en l'ús 

combinat d'una plantilla tova (microemulsió base líquid iònic) per a la definició de 

porus i una plantilla dura (membranes de policarbonat o d'alúmina) per a la definició 

de la forma de la micro- o nanoestructura (Figura 8.10). Finalment, aquests materials 

es testen com a potencials catalitzadors per a l’electrooxidació d’alcohols per a piles 

de combustible o com a potencials vehicles intel·ligents per a la dosificació i  

l’administració controlada de fàrmacs.   
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Figura 8.10: Representació esquemàtica de la proposta plantejada en aquesta memòria.  

En aquest sentit són especialment rellevants les dues potencials aplicacions que es 

plantegen: 

o La preparació d’electrocatalitzadors per a l’oxidació d’etanol o metanol 

per a piles de combustible respon a un dels principals reptes de la nostra 

societat. Les piles de combustible estan rebent una enorme atenció, ja 

que permeten administrar energia elèctrica mitjançant processos 

respectuosos amb el medi ambient amb altes eficiències de conversió. 
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No obstant això, l'alt cost i el temps de vida relativament curt dels 

catalitzadors de Pt en dificulten l’aplicació. Per aquest motiu s’estan 

desenvolupant diverses propostes que busquen reduir la quantitat de 

platí sense perdre les propietats catalítiques. Les principals estratègies 

són: (a) la síntesi de catalitzadors sense Pt; (b) la síntesi de materials 

nanomètrics; (c) la síntesi d’estructures core@shell o aliatges base Pt; i 

(d) la síntesi de materials mesoporosos (o porosos) amb grans àrees 

superficials. En tots els casos l’objectiu és sempre reduir la quantitat de 

Pt i millorar les propietats dels electrocatalitzadors. Tanmateix, és 

important remarcar que aquestes estratègies són combinables entre si. 

Així doncs, la síntesi de nanomaterials magnètics amb baix contingut en 

Pt i àrees actives grans són una bona proposta d’electrocatalitzador. 

 

o Un altre important repte social és l’administració eficient de fàrmacs, 

especialment el desenvolupament de nous sistemes d’alliberament 

intel·ligents, que tenen com a principal objectiu el control de 

l’alliberament i la selectivitat per aconseguir millorar l’eficiència del 

tractament terapèutic i reduir els efectes col·laterals. En aquest sentit els 

nanomaterials tenen un paper cabdal, especialment aquells que es 

dissenyen a partir de les següents característiques: biocompatibilitat, 

alta càrrega de molècules de fàrmac, alliberament prematur negligible, 

especificitat i selectivitat, entre altres. Així doncs, sembla evident que la 

síntesi de nanomaterials magnètics –que permeten controlar-ne la 

retenció i el transport mitjançant l’aplicació d’un camp extern– i 

mesoporosos –amb àrees superficials grans i alt volum de porus, és a 

dir, gran capacitat de retenció– pot ésser una excel·lent oportunitat per a 

la síntesi de vehicles intel·ligents que permetin retenir elevades 

quantitats de fàrmac. Per altra banda, un altre punt a considerar per a 

aquest tipus de nous materials és la capacitat de controlar la dosificació 

i l’efecte terapèutic mitjançant un estímul intern o extern com pot ésser 

la calor, el pH, la llum, els ultrasons i el magnetisme, entre d'altres, cosa 

que dóna lloc als anomenats sistemes d'alliberament intel·ligent. En 

aquest sentit, recentment s'han proposat sistemes d'administració de 

fàrmacs magnètics com a potencials vehicles que poden concentrar-se i 
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mantenir-se fàcilment en un determinat punt mitjançant l’aplicació d’un 

camp extern, al mateix temps que sota l’acció de camps magnètics 

oscil·lants poden escalfar-se i produir una hipertèrmia o rotar i produir 

una destrucció cel·lular local mecànica al mateix temps que modulen 

l’alliberament d’un determinat fàrmac. Per tant, aquests tipus de 

vehicles semblen excel·lents candidats gràcies a l’efecte sinergètic dels 

diferents factors que afecten les seves propietats terapèutiques, que 

permetrien reduir la quantitat de fàrmac i de vehicle a introduir al cos 

d’un determinat pacient. En aquesta memòria s’explora la síntesi de 

nanofils mesoporosos magnètics com a nous sistemes intel·ligents 

d’administració de fàrmacs amb unes característiques excel·lents 

conseqüència de la mesoporositat i del caràcter magnètic.  

Després d’aquesta breu introducció i declaració d’intencions resulta evident que 

l’objectiu principal d’aquest apartat és proposar una nova metodologia versàtil, 

sostenible i eficient per a la síntesi electroquímica de materials mesoporosos 

mitjançant l’ús de microemulsions base líquid iònic (plantilla tova), per a definir la 

porositat de les micro- i nanoestructures, combinada, si escau, amb l’ús de plantilles 

dures per a definir-ne la forma (com en el cas dels nanofils). En aquest darrer cas, tal  

com s’il·lustra en l’esquema (Figura 8.11), s’han utilitzat membranes de policarbonat 

o alúmina amb diferents diàmetres de porus, cosa que permetrà definir si 

l’electrodeposició en microemulsió dóna lloc a nanofils mesoporosos per a qualsevol 

diàmetre dels canals de la membrana. A continuació es resumeixen els principals 

resultats i observacions que han portat a l’optimització de la metodologia que es 

presenta en aquest document.  

Els primers estudis s’han fonamentat en la utilització de microemulsions IL/W per a 

la síntesi de nanofils de CoPt de 200 nm, cosa que ha permès obtenir àrees 

superficials significativament superiors a les obtingudes quan els nanofils es 

sintetitzen en solució aquosa. No obstant això, cal remarcar que els nanofils obtinguts 

presenten una porositat relativament baixa i poc definida, encara que tenen un 

important potencial com a electrocatalitzadors per a l’oxidació de metanol en medi 

àcid. En aquest primer estudi és important remarcar dues condicions experimentals 



 Resum en Català 

 

 

- 371 - 

 

que poden haver afectat la capacitat del mètode, especialment en termes de definició 

del porus: 

 Plantilla dura: La plantilla dura que s’utilitza per definir la forma de 

nanofils, és a dir, la membrana de policarbonat amb canals de 200 nm 

de diàmetre, es posa en contacte amb la microemulsió 24 h abans de 

l’electrodeposició amb l’objectiu de facilitar que s’omplin els canals. 

Aquesta pràctica era habitual per a la síntesi de nanofils en medi aquós, 

ja que es vol garantir un creixement uniforme en el si de la membrana. 

Tanmateix, és possible que aquest temps pugui afavorir una difusió 

prou significativa de les espècies electroactives al líquid iònic que 

permeti la deposició tant a partir del component aquós com de les gotes 

de líquid iònic, en les quals no s’hauria de dipositar res per assegurar la 

formació de porus.  

 

 Semiagitació: I amb l’objectiu d’afavorir el procés i d’augmentar-ne la 

velocitat s’ha treballat en condicions de semiagitació (bombolleig 

d‘argó) durant l’electrodeposició en el bulk del medi. Per tant, cal 

explorar noves vies per aconseguir una definició millor dels porus.  

 

Un segon intent ens porta a explorar també la possibilitat d’utilitzar altres tipus de 

microemulsions que puguin tenir més capacitat per a definir els porus. Així doncs, 

vam explorar l’ús de microemulsions bicontínues, W/IL i IL/W.  En aquest cas, el 

temps previ per assegurar que s’omplís el nanocanal es va reduir a quatre hores i es 

van mantenir les condicions de semiagitació. És important destacar que la 

semiagitació (bombolleig d’argó a prop de la membrana) és fonamental, ja que quan 

s’utilitzen microemulsions W/IL, en condicions de no agitació, s’observa que la 

densitat de corrent decau asimptòticament a zero després de diversos minuts, com a 

conseqüència del consum de l’espècie electroactiva dissolta en les gotes d'aigua que 

estaven directament en contacte amb la superfície de l'elèctrode. Per altra banda, quan 

s’aplica aquesta semiagitació a la proximitat de la membrana s’observa que la densitat 

de corrent decau molt més lentament. Aquesta observació permet afirmar que la semi-

agitació en el bulk del medi és un important element de distorsió de l’estructura de la 

microemulsió; és a dir, facilita la connexió entre les gotetes de solució aquosa 



 Resum en Català 

 

 

- 372 - 

 

disperses en la microemulsió. Així doncs, la semiagitació és necessària en el cas de 

les microemulsions W/IL, però podria ser un dels principals motius de la baixa 

definició en el cas de les microemulsions IL/W. En aquest segon estudi es constata 

que tots els sistemes de microemulsió condueixen a estructures nanoporoses amb 

diferents morfologies, però que només les microemulsions W/IL permeten obtenir 

nanofils amb mesoporus ben definits (Figura 8.11). 

 

 

Figura 8.11: Representació esquemàtica de la proposta de síntesi de nanofils mesoporosos a 

partir d’electrodeposició en microemulsions que contenen líquids iònics, i micrografies HR-

TEM de nanofils de CoPt obtinguts. Escala: 50 nm. 
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En tots els casos els nanofils de CoPt obtinguts presenten un important potencial com 

a catalitzadors per a l'electrooxidació de metanol amb un excel·lent rendiment 

catalític, conseqüència de la natura de les nanoestructures i la seva gran àrea efectiva.  

Amb l’objectiu de comprovar la formació de nanofils mesoporosos en qualsevol 

sistema (test de la metodologia amb altres banys electrolítics com a components de les 

microemulsions) i simultàniament estalviar metall noble en l’ectrocatalitzador, es va 

procedir a la síntesi de nanofils core@shell de CoNi@Pt mitjançant microemulsions 

W/IL. També es va fer una comparativa dels nanofils mesoporosos obtinguts amb els 

preparats mitjançant altres medis d’electrodeposició (dispersió de nanopartícules de 

poliestirè en una dissolució electrolítica o sistemes micel·lars). Aquest estudi ens 

permet afirmar i verificar la força de l’ús de microemulsions W/IL com a medis per a 

la síntesi de nanofils mesoporosos per via electroquímica (Figura 8.12). Se n’obtenen 

nanofils d’aliatges que es poden utilitzar directament o recobrir amb una closca de 

metall noble, que exhibeixen una activitat catalítica excel·lent per a l’oxidació de 

metanol en medi àcid, amb una estabilitat excepcional i un enverinament del 

catalitzador baix. La mesoporositat obtinguda, i com a conseqüència l’àrea efectiva, 

és força major en els nanofils obtinguts a partir de la nostra metodologia 

(electrodipositats a partir de microemulsions que contenen líquids iònics). 

No obstant això, la nostra proposta encara presentava algunes limitacions, ja que l’ús 

de microemulsions W/IL implicava una velocitat d’electrodeposició inferior a d’altres 

propostes que podem trobar en la bibliografia. Tanmateix, encara calia explorar l’ús 

de les microemulsions IL/W sense agitació, és a dir, sense distorsionar l’estructura de 

la microemulsió. En un primer estudi amb làmines, així eliminàvem la variable que 

introduïa el temps previ de contacte amb la plantilla dura abans de l’electrodeposició, 

vam verificar l’obtenció de capes primes mesoporoses (Figura 8.13) utilitzant un 

altre bany base Co(II) i Pt (IV). És rellevant el fet d’utilitzar diferents banys, perquè 

considerem que denota que poden utilitzar-se per a la síntesi de diferents materials. 

Les condicions emprades han permès la preparació, a una velocitat de síntesi 

apreciable, de làmines magnètiques de CoPt, mesoporoses, amb elevada àrea efectiva 

i molt bones propietats catalítiques per a l’electrooxidació de metanol. Posteriorment, 

es va procedir a la síntesi de nanofils mesoporosos de Pt i CoPt3 de 100 nm de 

diàmetre i es va obtenir una bona definició de porus i excel·lents propietats 

catalítiques per a l’oxidació d’etanol en medi alcalí. Per tant, les microemulsions 
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IL/W, en condicions de no agitació, han resultat ser medis electroquímics efectius per 

a la síntesi de nanomaterials mesoporosos amb porus ben definits i velocitats de 

deposició altes (lleugerament inferiors a la de les solucions aquoses, però 

acceptables). El control de l’estructura de la microemulsió (mida de les gotes de 

líquid iònic) permet definir la mida dels porus de les làmines micromètriques o 

nanofils de llargada micromètrica i diàmetre nanomètric. 

 

Figura 8.12: Representació esquemàtica de la proposta de síntesi de nanofils compactes (a 

partir de dissolucions aquoses) o mesoporosos (a partir d’electrodeposició en microemulsions 

que continguin líquids iònics, sistemes micel·lars o dispersions de partícules de poliestirè), i 

micrografies HR-TEM dels nanofils de CoNi obtinguts mitjançant els diferents medis. Escala: 

50 nm. 
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Figura 8.13: Diagrama de l’optimització de la síntesi de làmines i nanofils mesoporosos 

emprant microemulsions IL/W Escala: 5 nm. 

Per altra banda, també és rellevant constatar que aquest medi també és adequat per a 

la síntesi de nanofils mesoporosos de pocs nanòmetres (25 nm), ja que calia 

comprovar si la microemulsió manté la seva capacitat d’actuar com a plantilla quan la 

mida del nanocanal s’aproxima al diàmetre hidrodinàmic de la gota de la 

microemulsió, al mateix temps que demostrar que, malgrat la viscositat, també era 
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possible assegurar que s’omplien els nanocanals, i per tant, se n’assegurava el 

creixement uniforme.  

Per tant, la utilització de microemulsions com a soft-template per a la síntesi de 

nanoestructures mesoporoses és un procediment de síntesi senzill, econòmic i 

sostenible que permet la síntesi de nous electrocatalitzadors per a l'explotació 

comercial de les piles de combustible de metanol o etanol directes. És rellevant 

remarcar que els materials preparats presenten una alta activitat catalítica, però també 

que presenten una bona durabilitat en les condicions de treball.   

Finalment, a partir de les excel·lents propietats dels nanomaterials preparats, que els 

confereixen la possibilitat de ser proposats com a potencials catalitzadors, vam 

verificar novament la nostra estratègia de síntesi amb un altre bany, per a la síntesi de 

nanofils mesoporosos de 100 nm de diàmetre amb estructura core@shell de 

CoNi@Au. L’objectiu d’aquest darrer treball era la síntesi electroquímica de vehicles 

intel·ligents per a l’administració i dosificació de fàrmacs.   

Per a aquesta aplicació era fonamental la formació d’una capa compacta d’Au a la 

superfície dels nanofils que n’afavoreixi la funcionalització mitjançant l’adsorció de 

molècules d’un tiol-polietilenglicol amb el doble objectiu de millorar-ne la 

biocompatibilitat i afavorir-ne la suspensió dels vehicles en el medi cel·lular, però 

també d’afavorir la retenció d’un fàrmac (Irinotecan). En la Figura 8.14 s’il·lustra 

seqüencialment la síntesi electroquímica dels nanofils mesoporosos, la posterior 

formació d’una capa d’or mitjançant una reacció de desplaçament galvànic; la 

funcionalització i internalització del fàrmac; la incubació en el medi cel·lular 

(cèl·lules HeLa), i la dosificació controlada mitjançant l’acció d’un camp magnètic, 

cosa que produeix la mort cel·lular. Els resultats indiquen el potencial d’aquests 

vehicles, ja que en comparació amb les estructures compactes permeten una càrrega 

de fàrmac superior, una manipulació magnètica més fàcil, una menor tendència a 

l’agregació i sedimentació, i una eficàcia terapèutica significativament superior.   
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Figura 8.14: Esquema de la proposta de síntesi i ús de nanofils mesoporosos com a vehicles 

intel·ligents per a l’alliberament i dosificació controlada de fàrmacs.  
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Aquesta tesi s’ha centrat en l’estudi, generalització i proposta de noves estratègies i 

enfocaments per a la síntesi electroquímica controlada de micro- i nanoestructures 

metàl·liques establint en cada cas unes condicions experimentals o metodologia de 

treball. Per altra banda, també s’ha explorat la possibilitat d’utilitzar alguns dels 

materials sintetitzats, especialment en el cas dels nanomaterials, com a potencials 

electrocatalitzadors per a l’oxidació de metanol o etanol, tant en medi àcid com bàsic, 

per a piles de combustible, i com a potencials vehicles intel·ligents per a 

l’alliberament i administració de fàrmacs. Així doncs, l’estudi intenta preguntar-se 

cinc qüestions bàsiques: 

o Pot la tecnologia EnFACE ser un enfocament competitiu per a la micro- 

i milifabricació sobre substrats de dimensions grans? 

 

o Poden les microemulsions clàssiques i les microemulsions base líquid 

iònic ser proposades com a plantilles toves per a electrodeposició? 

 
o Pot proposar-se l’ús de microemulsions base líquid iònic com a 

plantilles per  a la síntesi electroquímica de materials mesoporosos?  

 
o Poden proposar-se els nanofils o capes primes mesoporoses 

magnètiques, preparades electroquímicament, com a 

electrocatalitzadors eficients i competitius per a l’electrooxidació 

d’etanol o metanol? 

 
o Poden proposar-se els nanofils mesoporosos magnètics com a vehicles 

intel·ligents per a l’administració de fàrmacs?  

Les principals conclusions empíriques es descriuen específicament i es resumeixen en 

cada capítol. Per tant, aquesta secció intenta sintetitzar les principals conclusions per  

respondre les qüestions formulades.  
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o Es demostra la competitivitat de la tecnologia ENFACE per a la mili- i 

microfabricació com un enfocament de síntesi ràpid, escalable, 

econòmic i sostenible basat en l’electrotransferència de motius micro- i 

mil·limètrics sobre substrats de grans dimensions. En aquest sentit, 

s’han transferit quadrats mil·limètrics ben definits amb eficiències de 

gairebé el 90% i patrons lineals de 200-240 micres, amb eficiències 

lleugerament més baixes que en el cas dels quadrats mil·limètrics, però 

amb una alta uniformitat i una excel·lent definició. Els resultats 

obtinguts són comparables als obtinguts mitjançant la metodologia 

convencional basada en l’electrodeposició sobre màscara. No obstant 

això, la metodologia s’ha d’optimitzar per aconseguir 

l’electrotransferència a la nanoescala. 

 

o Diversos tipus de microemulsions clàssiques poden proposar-se com a 

plantilles toves per a la síntesi de nanoestructures, les quals seran més 

viables com més s’adeqüin als requeriments que s’exposen en aquesta  

memòria. Mitjançant microemulsions bicontínues i W/O percolades 

s’han pogut electrodipositar metalls (Co) o aliatges (CoNi, CoPt) amb 

forma controlada, però amb velocitats de deposició baixes o moderades.  

 
o L'ús de microemulsions clàssiques com a plantilles toves 

electroquímiques és possible i permet la modulació de les formes, 

morfologies i propietats magnètiques de nanoestructures 

electrodipositades. La preparació de capes primes poroses, petites 

nanopartícules i agregats de nanopartícules de CoNi ha estat possible 

mitjançant microemulsions bicontínues, W/O percolada i no percolada, 

respectivament. La preparació de materials nanoestructurats de CoPt ha 

permès sintetitzar nanopartícules esfèriques i estructures ramificades 

mitjançant l’ús de microemulsions W/O percolades i bicontínues, 

respectivament. 

 
o  L’electrodeposició utilitzant microemulsions pot ésser proposada com 

una tècnica complementària útil per caracteritzar l’estructura d’algunes 

microemulsions (a densitats de càrrega baixa). No obstant això, es 
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requereixen estudis de cryo-TEM que verifiquin l’estructura de la 

microemulsió per poder explorar aquesta aparent via de caracterització 

complementària.  

 
o La utilització de microemulsions W/IL per a la síntesi electroquímica 

de nanopartícules o compòsits ofereix un enfocament versàtil, verd, 

simple i econòmic que permet el control de la mida i de la composició i, 

per tant,  modular el comportament magnètic de les nanopartícules 

mitjançant el control de la mida de gota i de la concentració de la 

solució aquosa, respectivament.  

 
o La utilització de microemulsions W/IL per a la síntesi electroquímica 

de compòsits, mitjançant una electrodeposició seqüencial, ofereix una 

estratègia electroquímica nova i fàcil. 

 
o La utilització de microemulsions base líquid iònic són excel·lents medis 

per a la síntesi electroquímica de materials mesoporosos. En aquest 

sentit s’han testat diferents sistemes i condicions experimentals per a 

sintetitzar diferents materials base Pt o Co en forma de capes primer 

poroses o de nanofils mesoporosos. En aquest darrer cas el mètode es 

fonamenta en l’ús combinat d’una microemulsió per definir la porositat 

de la nanoestructura i d’una plantilla dura (membrana de policarbonat o 

alúmina) per a definir la seva forma  

 
o Les capes primes mesoporoses i els nanofils mesoporosos s’han testat 

com a catalitzadors de l'electrooxidació d'alcohols en medis àcids o 

alcalins amb un excel·lent rendiment catalític, que fan aquestes 

estructures excel·lents candidates per a la seva explotació comercial en 

piles de combustible d'alcohol directe. 

 
o Els nanofils de CoNi@Au magnètics i mesoporosos  funcionalitzats 

amb un tiol-polietilenglicol permeten una alta càrrega de fàrmac 

(Irinotecan) a la xarxa mesoporosa. Es demostra el potencial d’aquestes 

estructures com a vehicles intel·ligents per a l’administració de fàrmacs 

gràcies a l’efecte terapèutic millorat, com a conseqüència de l'alta 
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càrrega de fàrmac combinada amb la destrucció mecànica en aplicar un 

camp magnètic giratori extern.  

Així doncs, considerem que aquest estudi ofereix i afronta diferents vies per donar 

resposta a alguns dels principals reptes de la nostra societat, conscients que la nostra 

aportació no és res més que un petit gra de sorra. 
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