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Abstract 

This work is focused on the electrodeposition and study of Fe–Cu in the form of 

continuous and patterned thin films and coatings as well as the fabrication and 

characterization of submicron motifs, nano- and microrods and tubes targeted at a 

variety of environmental and energy-efficient applications. 

Firstly, different electrolytes are developed for the electrochemical deposition of 

FexCu1−x coatings of several micrometers in thickness over a wide composition range 

(0≤x≤86). The effect of various complexing agents and plating conditions such as pH, 

temperature and magnetic stirring on the morphology, structure, elemental 

composition and magnetic behavior is investigated. It is shown that the coatings are 

partially alloyed, despite the low mutual solubility of Fe and Cu, and saturation 

magnetization can be easily tuned by an adjustment of the Fe content. 

Next, the synthetic protocols for the continuous coatings are extrapolated to the 

fabrication of patterned thin films with a hierarchical porosity achieved by coupling 

electrodeposition with colloidal lithography. The wetting properties of these films and 

their potential towards water-oil separation in mixtures and emulsions is assessed as 

a proof of concept. The high surface-to-volume ratio of the films in conjunction with 

the high roughness achieved by the macroporous network and the nanosized features 

along the pore walls lead to a strong hydrophobic/oleophilic nature of the deposits 

and an impressive absorption capacity. Notably, contrary to the thick coatings, the 

continuous and patterned Fe75Cu25 and Fe85Cu15 thin films are demonstrated to be 

fully alloyed. 

Furthermore, the high surface-to-volume ratio and the inherent nanoporosity of the 

narrow pore walls of the patterned films unveil their excellent potential towards 

voltage control of magnetization. Indeed, a coercivity reduction of up to 25% under 

application of a negative bias is achieved. This constitutes a promising way to curtail 

power consumption since magnetization reversal can then occur with lower applied 

magnetic fields (i.e., lower electric currents and minimized Joule heating power 

dissipation). 



Next, given the current trend towards miniaturization, submicron structures of three 

geometries and sizes are produced through electrodeposition onto pre-lithographed 

substrates. These substrates were previously prepared using electron-beam 

lithography which ensured a high feature quality. While existing literature on 

lithographed submicron motifs is largely based on structures below 50 nm in height, 

the structures prepared here are approximately 200-300 nm in height depending on 

plating conditions. This gives rise to interesting phenomena such as a compositional 

gradient, and thus different structural properties along the thickness. The magnetic 

properties are also thoroughly investigated with magnetic force microscopy 

suggesting magnetic curling effects. 

Finally, compositionally graded magnetic nano- and microrods and tubes of various 

diameters are fabricated in polycarbonate track-etched membranes through 

conventional as well as micelle-assisted electrodeposition methods. The 

ferromagnetic character of the material enables wireless magnetic steering while 

photocatalytically-driven directional propulsion of the microtubes is also confirmed.  

  



Resum 

Aquest treball se centra en l'electrodeposició i l'estudi del sistema Fe–Cu, tant sobre 

substrats llisos per a l’obtenció de pel·lícules continues com en substrats proveïts amb 

un reticle o màscara, així com la fabricació i caracterització de motius de mida 

submicromètrica, nanobarres, microbarres i tubs, destinats a ésser utilitzats en una 

gran varietat d’aplicacions mediambientals i d’eficiència energètica. 

En primer lloc, s’han dissenyat diferents electròlits per al dipòsit electroquímic de 

recobriments FexCu1-x de diversos micròmetres de gruix en un ampli rang de 

composició (0≤x≤86). S’ha investigat l'efecte de diversos agents complexants i 

condicions d’electrodeposició com el pH, la temperatura i l'agitació magnètica del 

bany sobre la morfologia, estructura, composició elemental i comportament magnètic 

dels dipòsits obtinguts. S’ha vist que el Fe i el Cu es troben parcialment aliats, malgrat 

la baixa solubilitat mútua entre ells, i que la magnetització de saturació es pot modular 

fàcilment a través del contingut de Fe. 

A continuació, s’han extrapolat els protocols sintètics establerts per al creixement dels 

recobriments continus a la fabricació de pel·lícules primes amb una porositat 

jeràrquica aconseguida mitjançant electrodeposició sobre substrats decorats amb 

cristalls col·loïdals (colloidal crystal templating). S’ha avaluat la humectabilitat 

d'aquestes pel·lícules i la seva habilitat per extreure l’oli en mescles i emulsions aigua-

oli. S’ha vist que l'elevada relació superfície-volum de les pel·lícules, juntament amb 

l'elevada rugositat derivada de la seva estructura macroporosa i el relleu nanomètric 

al llarg de les parets de porus, genera un marcat caràcter hidrofòbic / oleofílic dels 

dipòsits i una notòria capacitat d'absorció d’oli. A diferències de les capes contínues, 

que són més gruixudes, el grau d’aliatge entre el Fe i el Cu és total en les pel·lícules 

primes macroporoses de Fe75Cu25 i Fe85Cu15. 

A més, s’ha demostrat que l'elevada relació superfície-volum i la nanoporositat 

inherent de les estretes parets de porus de les pel·lícules macroporoses les han 

convertit en excel·lents candidates per al control de la magnetització mitjançant 

voltatge. De fet, s'aconsegueix una reducció de la coercitivitat fins a un 25% en ser 

polaritzades negativament. Aquesta és una metodologia prometedora per reduir el 



consum d'energia, ja que la inversió de magnetització s’aconsegueix aplicant camps 

magnètics més baixos (és a dir, els corrents elèctrics involucrats són més baixos i, per 

tant, la dissipació de potència per efecte Joule es minimitza). 

A continuació, tenint en compte la tendència actual cap a la miniaturització, s’han 

crescut estructures submicromètriques de tres geometries i mides diferents 

mitjançant electrodeposició sobre substrats prelitografiats. Aquests substrats es van 

preparar per litografia per feixos d'electrons per tal d’assegurar una elevada resolució 

dels motius. Tot i que la literatura existent sobre motius submicromètrics litografiats 

es basa principalment en estructures amb una alçada inferior a 50 nm, les estructures 

que s’han preparat en aquesta Tesi fan aproximadament 200-300 nm d'alçada en 

funció de les condicions d’electrodeposició. Això dóna lloc a fenòmens interessants 

com ara un gradient de composició i, per tant, diferents propietats estructurals al llarg 

del gruix. S’han investigat les propietats magnètiques mitjançant microscòpia de 

forces magnètiques, indicant l’existència d’efectes tipus magnetic curling. 

Finalment, s’han fabricat nano i microbarres i tubs de diferent diàmetre magnètics i 

amb gradient de composició en membranes de policarbonat a través de mètodes 

d'electrodeposició convencionals i també a partir de banys amb surfactants amfifílics 

(micelle-assisted electrodeposition). El caràcter ferromagnètic de les estructures 

obtingudes ha permès la seva manipulació magnètica remota, mentre que s’ha 

confirmat la propulsió direccional fotocatalítica dels microtubs. 
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Introduction 

1.1. Sustainability aspects 

The scarcity of raw materials and the environmental damage brought on by rapid 

technological progress underscores the importance of bringing forth sustainable 

alternatives. The European Union´s (EU) industry and economy relies heavily on 

international markets for procuring important high-tech raw materials such as cobalt, 

platinum, rare earths and titanium since most of the natural reserves are found in non-

EU countries. One notable exception is hafnium with France possessing 43% of the 

global supply.1 China is the major supplier of important raw materials, such as rare 

earth elements (95% of the global supply), antimony, tungsten and magnesium and 

accounts for a 62% of their total supply to the EU. Brazil holds 90% of niobium which 

is used in aviation, in stainless steel alloys and in superconducting magnets for 

magnetic resonance imaging scanners.1 The USA control beryllium and helium 

supplies, Russia has 46% of the global palladium and South Africa holds the world´s 

major iridium, platinum, rhodium and ruthenium reserves.1  

In emerging economies (e.g. China, Russia, South Africa), protectionist government 

measures that include export taxes and quotas, price-fixing, dual pricing systems, and 

restrictive investment rules distort international trade in raw materials and create 

increasing challenges.2 The problem is intensified by the high concentration of 

reserves on a country level and at a company level with further vertical integration 

resulting in few companies controlling a major percentage of the global trade. 
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Decreased competition leads, in turn, to rising prices for downstream companies 

which try to mitigate the effect with long-term contracts and by vertical integration 

with mining companies.2 China has also increased its engagement in resource-rich 

developing countries, particularly in Africa, with infrastructure projects and active 

participation in exploration and extraction efforts. On the other hand, the USA and 

Japan, having recognized the importance of these critical raw materials, have 

implemented policies to safeguard their resources (e.g. stockpiling).2  

In consideration of this global climate, the European Commission (EC) first launched 

the “Raw Materials Initiative” in 2008 to tackle the growing challenges with an 

integrated strategy and created a list of critical raw materials (CRMs) which are of high 

importance to the economy of the European Union and whose supply is associated 

with a high risk. This list was first published in 2011 with 14 CRMs identified and was 

updated in 2014 to include 20 CRMs. The latest list with 27 CRMs was released in 2017 

and the EC is committed to regular updates at least every 3 years in order to reflect 

production, market and technological developments.  

In addition, in its efforts to protect human health and the environment from chemical 

hazard and, at the same time, boost the competitiveness of the EU chemicals industry, 

REACH (Registration, Evaluation, Authorization and Restriction of Chemicals) was 

entered into force in 2007.3  REACH is a regulation with which companies are obliged 

to comply by identifying the risk associated with the substances they manufacture and 

sell and by demonstrating their safe usage and providing information on risk 

minimization methods. It also seeks to encourage alternative methods for hazard 

assessment in an effort to reduce animal testing. Pursuant to the evaluation of all 

chemical substances, a list of substances of very high concern (SVHC) is composed with 

respect to their carcinogenic, mutagenic or toxic hazard.4 The aim of this list is to 

slowly phase out the use of these substances or to implement new technologies where 

safer and economically feasible alternatives exists.  

In response to these guidelines, it is imperative to develop new sustainable materials 

to meet technological demands. Iron, copper and aluminum-based materials are thus 

well suited as candidate replacements in a variety of applications due to their 

abundance, low cost and general safety. 
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1.2. Electrodeposition of metals 

Among the various fabrication methods available for producing metallic thin films and 

coatings such as atomic layer deposition, physical vapor deposition, mechanical 

alloying and vacuum hot pressing sintering, and molecular beam epitaxy, 

electrodeposition stands out for its simple setup, cost-effectiveness, fast growth rates, 

facile control of resulting thickness and versatility in terms of creating complex three-

dimensional geometries. In combination with lithographic techniques, it can be used 

to develop components for micro- and nanoelectromechanical systems 

(MEMS/NEMS) and wirelessly controlled microrobots. In addition, the use of 

minimally invasive electrolytic baths can further address the concern for 

environmentally friendly fabrication processes. 

During electroplating, a metallic coating is formed onto a conductive substrate 

through electrochemical reduction of metal ions contained in an electrolyte. Typically, 

the chemical species containing the metals to be deposited are dissolved in a solvent 

such as deionized or ultrapure water or an organic compound, though 

electrodeposition from liquefied low (ionic liquids and deep eutectic solvents)5 or high 

temperature6 molten salts is also quite common. In this work, we will be exclusively 

discussing electrodeposition from aqueous electrolytes.  

A typical 3 electrode cell used for electrodeposition is illustrated in Figure 1.1. The 

substrate to be coated is connected to the negatively charged electrode, known as 

cathode or working electrode (WE), while the anode or counter electrode (CE) is the 

positive polarity contact. The anode can consist of an inert metal (e.g. graphite, 

platinum, vitreous carbon) or can be soluble in order to secure a constant 

replenishment of the metal cations. The potential is accurately measured and 

controlled through the use of a third electrode with a stable and known potential 

which serves as a reference (RE) so that the potential difference between the WE and 

RE corresponds to the user defined value. Common types of reference electrodes 

include the saturated calomel electrode (SCE), the silver/silver chloride electrode 

(Ag/AgCl) and the mercury/mercurous sulfate electrode (Hg/Hg2SO4). To reduce the 

ohmic potential drop due to uncompensated solution resistance, a so-called Luggin 

capillary can be used to bring the potential measuring point in very close proximity to 
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the WE.7 A potentiostat/galvanostat is an electronic device used to control the 

potential of the CE against the WE (potentiostatic mode) or the current flow between 

the CE and WE according to the user defined value. The temperature of the electrolyte 

can be precisely controlled with a hot plate connected to a temperature probe or by 

using a cell comprising an external thermostatization jacket.  

 

In order to determine the time necessary to reach a predetermined deposit thickness, 

Faraday’s laws of electrolysis are widely used.7 The first law states that the total mass 

of the substance deposited is proportional to the total electric charge passed through 

the electrolyte. The second law states that for the same electric charge, the mass of 

deposited substance is proportional to its atomic weight and inversely proportional to 

its valency. This can be summarized in Equation 1.1: 

𝑚 = (
𝑄

𝐹
) (

𝐴

𝑧
)   (1.1) 

Figure 1.1. Illustration of a standard 3 electrode electrodeposition setup. 
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where m is the mass of the deposited metal, Q is the net electric charge passed 

through the system, F is Faraday constant (F = 96485 C mol-1), A is the atomic weight 

of the metal and z is the valency of the dissolved metal ions in the solution. If we also 

consider that, in the case of constant current, 𝑄 =  𝐼𝑡 the above equation is modified 

as follows: 

𝑚 = (
𝐼𝑡

𝐹
) (

𝐴

𝑧
)   (1.2) 

where I represents the applied electric current and t is the total time the current is 

applied. The calculated mass can be then used to determine the deposit thickness h: 

ℎ = (
𝑚

𝑆𝑑
)   (1.3) 

where S stands for the surface area of deposition and d is the density of the material. 

From Equation 1.3 we can see that the precise knowledge of the surface area is 

important for calculations. Therefore smooth, high quality surfaces are important to 

minimize the discrepancy between the geometric calculation of the surface area and 

the real value as determined by roughness. Due to the presence of these irregularities, 

electrodeposition starts at certain high energy sites or growth centers where the metal 

atoms are incorporated into the deposit. This, in turn, strongly influences the 

distribution of the current density, measured in A m-2, across the surface. 

Electrodeposition takes place at a very narrow interface, known as the electric double 

layer, (EDL) between the growing material and the solution. A charge separation 

occurs at this region due to the different nature of the mobile charges in the solution 

and in the solid. As a simplification, this can be thought of as a parallel arrangement 

of opposite charges. The structure of the EDL has a profound effect on the nucleation 

and growth processes.  

In order to deposit a metal at a specific rate, it is necessary to shift the electrode 

potential from its equilibrium state in the cathodic (negative) direction, i.e. to apply 

an overpotential which is symbolized by the letter η. One notable exception is 

underpotential deposition which occurs at a potential less negative than the 

equilibrium value, e.g. due to strong interactions between the species that are being 

deposited and the substrate.8 However, since different systems will spontaneously 
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approach the equilibrium state at different rates, the onset or nucleation 

overpotential can instead be defined, which represents the potential at which 

deposition begins.8 

During the process of electrodeposition, there are four different partial reactions 

taking place in the electrolyte, namely mass transport due to diffusion, convection and 

migration which governs movement of the reactants from the bulk solution to the 

electrode surface, chemical reactions (e.g. dissociation of complexed metal ions), 

charge transfer between the WE and the electroactive species across the EDL and, 

finally, crystallization by which atoms are incorporated or removed from the crystal 

lattice.9 As can be easily surmised, the slowest of these partial reactions determines 

the overall rate of the deposition process and is thus referred to as rate-determining 

or limiting. Therefore, the total overpotential is comprised of several components, 

which correspond to the overpotentials of each partial reaction. Upon charge transfer, 

the partially reduced ions or metal atoms adsorb onto the surface (i.e. adions or 

adatoms) where they subsequently diffuse to active growth sites and incorporate into 

the deposit. A non-ideal surface (a surface which is not ideally smooth but contains 

lattice defects) consists of flat crystalline layers called terraces and atomic steps which 

are known as ledges. The locations where ions or atoms can associate to the crystal 

are named kinks and are seen as steps along the ledges. This is described by the 

Terrace-Ledge-Kink (TLK) model of which a graphical representation is shown in Figure 

1.2. Ledges and kinks along with dislocations, impurities and vacancies are considered 

as defects and play an important role in the structural properties of the resulting 

material.  

Another important consideration is current efficiency since in most situations a certain 

amount of the charge is consumed by secondary reactions (e.g. cathodic hydrogen 

evolution, partial reduction of metal species) which occur in parallel with metal 

deposition.7 Current efficiency is thus defined as the ratio of the total mass deposited 

to the theoretical value calculated from Faraday´s laws. In the case of co-deposition, 

the partial current densities of the co-depositing metals which determine the final 

composition of the deposit should be evaluated. 
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The overpotential of deposition as well as the current efficiency are influenced by 

several parameters such as electrolyte composition (e.g. additives, complexing agents, 

type and concentration of metal salts), pH, temperature and stirring regime.7 In most 

cases, additives are used to influence deposit morphology and structure with the 

purpose of improving quality and leading to enhanced performance.10-15 

1.3. The Fe–Cu system 

Iron and copper are plentiful elements in the earth´s crust with iron constituting the 

fourth most abundant element after oxygen, silicon and aluminum.16 Iron is essential 

for life17 and has many desirable properties such as low cost, recyclability and 

versatility due to its magnetism-based polymorphism. At atmospheric pressure, iron 

has two crystal structures, namely body-centered cubic (bcc) and face-centered cubic 

(fcc). In the lowest-energy state the bcc alpha iron (α-Fe) is stable while at a 

temperature of 1184 K it transforms into fcc gamma iron (γ-Fe). Above 1665 K and up 

to its meting temperature (1809 K) it transforms back to bcc phase of delta iron (δ-

Fe).18 Alpha iron is ferromagnetic up to the Curie temperature of 1041 K where it 

becomes paramagnetic while gamma iron is paramagnetic in its stability range. Under 

high pressures (about 13 GPa at room temperature), iron undergoes a transition from 

bcc alpha phase to hexagonal close-packed (hcp) structure with loss of its 

ferromagnetic long-range order. This form is known as epsilon iron (ε-Fe) and is found 

to be bountiful in the earth´s core.19 The diverse iron alloys and compounds feature 

Figure 1.2. The Terrace-Ledge-Kink model of a real surface.8 
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very different microstructure and a number of magnetic states which, in turn, greatly 

influence the physical properties, and can thus accommodate a variety of 

technological needs (e.g. iron-nickel magnetic devices, iron-zinc anti-corrosion 

protection, extensive use in steel manufacturing).18 Further highlighting its versatility, 

iron can be electrodeposited as a hard and brittle material and subsequently rendered 

soft and malleable by heat treatment or, conversely, it can be soft and ductile as 

prepared and carburizing, nitriding or cyaniding processes can be employed to 

increase the surface hardness.20 One of the main challenges related to iron 

electrodeposition, which is problematic for magnetic applications, is the potential 

oxidation of Fe2+ to Fe3+ upon reaction with dissolved oxygen in water-based 

electrolytes. Since the local pH at the working electrode increases due to hydrogen 

evolution, Fe3+ can cause Fe(III) hydroxide precipitation and incorporation into the 

deposit. Moreover, since hydrogen evolution takes place concurrently with iron 

deposition, inevitable hydrogen absorption will lead to deposit embrittlement, which 

can be partially mitigated by high temperature annealing.7 For this reason, the use of 

non-water based electrolytes for iron plating like ethylene glycol or deep eutectic 

solvents is nowadays researched.21,22 Meanwhile, copper is also of critical biological 

importance23,24, is environmentally friendly and constitutes the most commonly 

plated metal due to its very high throughput, excellent coverage and high 

conductivity18 with applications in electrical wiring, the semiconductor industry25 and 

antibiofouling26,27 among other areas. In recent years, the synthesis of Cu 

nanoparticles for printed electronics to replace the expensive silver and gold 

nanoparticle inks in conductive printing has garnered much research attention.28,29 It 

has been well established in previous literature that the mutual solid solubility of iron 

and copper is very low in equilibrium conditions despite their similar atomic radii due 

to the positive enthalpy of mixing, ΔHmix (calculated value of ΔHmix ≈ +13 kJ mol-1 and 

experimental value of ΔHmix ≈ +8.9 kJ mol-1  in the liquid phase for an equiatomic 

composition at 1873 K),30 which encourages clustering of the atoms into Fe-rich and 

Cu-rich groups to reduce the internal energy.31 However, the degree of clustering will 

decrease as temperature increases due to the increasing importance of entropy.31 A 

calculated phase diagram for the Fe—Cu system is given in Figure 1.3. The solubility 
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of iron in copper is generally reported to be slightly lower than that of copper in iron 

as determined by the integral heat of mixing.30  

The novel properties of alloyed and bimetallic thin films and coatings composed of 

typically immiscible elements such as high thermal and electrical conductivity, large 

ductility, enhanced strength, as well as superior magnetic properties like high 

magnetoresistance and coercivity, have attracted considerable scientific and 

technologic interest.33 Moreover, due to the fascinating magnetic properties of Fe–Cu 

alloys, many methods, such as mechanical alloying34 and magnetron sputtering35 have 

been employed to form metastable iron-copper solid solutions over the entire 

composition range. For example, Chien et al. report that, while the magnetic moment 

of Fe often rapidly declines with alloying due to the magnetic weakness of Fe, it 

remains nearly constant up to high concentrations of Cu in the Fe—Cu system.35 

Meanwhile, according to Kuch et al., in fcc Fe–Cu alloy thin films grown epitaxially by 

pulsed-laser deposition on Cu(001), the Fe orbital moments are found to be 

significantly enhanced with respect to pure Fe.36 In reference to electroplated films, 

metastable iron—copper solid solutions have been reported in a few studies related 

Figure 1.3. Calculated phase diagram for the Fe—Cu 
system.32 
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to thin films within certain composition ranges (a detailed treatment of the state of 

the art on electrodeposited Fe–Cu is given in Chapter 3.1).37-39 Noce et al. found that 

the Fe10Cu90 film prepared by pulsed electrodeposition is superparamagnetic with Fe-

rich clusters forming within a Cu-rich matrix at room temperature, and that at a critical 

temperature of 120 K a superferromagnetic order develops.38 Nevertheless, the 

limited existing research and the often contradictory results reported highlight the 

need for more systematic investigation. 

1.4. Soft and hard template patterning techniques 

In order to produce porous materials several soft and hard templating techniques 

exist. Hydrogen bubble dynamic template14,40-42, ionic surfactants, which are based on 

electrostatic interactions, as well as a wide variety of non-ionic amphiphilic surfactants 

(e.g.  Brij, block copolymers)43-46 have been widely used as soft templates. Biological 

templates, anodized aluminum oxide (AAO) and polycarbonate track etched (PCTE) 

membranes, mesoporous zeolites, discrete particles (e.g. colloidal spheres) and in situ 

templates are commonly employed in the hard-templating approach.46-51 Some 

examples of the different techniques are shown in Figure 1.4. A combination of soft 

Figure 1.4. a) Porous Cu film prepared using hydrogen bubble dynamic 
template,40 b) mesoporous Fe-Pt layer grown on Au through micelle-assisted 
electrodeposition,43 c) mesoporous silica (KIT-6) templated Co-doped In2O3 

oxide50 and d) Co-W mesowires grown in an AAO template.47 
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and hard templating techniques can lead to hierarchically structured materials with 

complex architectures.  

With respect to introducing porosity in thin films and coatings, colloidal lithography is 

a particularly potent method when combined with electrodeposition since it allows 

the creation of three-dimensionally ordered macroporous materials through a 

straightforward and inexpensive procedure as compared to sophisticated, high cost 

lithographic techniques.52,53 For the arrangement of the colloidal particles onto the 

substrate in a face-centered cubic or hexagonal close-packed structure, several 

options exist such as dip-coating, vertical deposition, electrophoretic deposition, 

crystallization driven by depletion force and spin coating.54,55 An example of colloidal 

spheres electrophoretically deposited onto Au is seen in Figure 1.5. 

Finally, since the advent of nanolithography, diverse techniques have been developed 

for patterning miniaturized structures. Amid these, electron beam lithography has 

unique benefits such as high resolution down to a few nanometers,56,57 flexibility in 

pattern replication and accurate and precise alignment. Typically, a positive polymeric 

electron-beam resist such as poly(methyl methacrylate) (PMMA), is used to coat the 

substrate prior to the process. Then a focused beam of electrons exposes the resist 

writing the desired pattern. A solvent-based developer is then used to remove the 

Figure 1.5. Colloidal spheres of 350 nm in diameter assembled onto an Au substrate. 
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resist in the exposed areas. If our substrate is conductive we can then immerse it in 

our chosen electrolyte and grow our metallic motifs. 

1.5. Wetting on rough surfaces 

One important aspect of metallic thin films, both during their growth as well as in 

terms of the functional properties of the resulting deposit, concerns their wetting 

behavior. Wettability is a fundamental property with extensive applicability  such as 

in anti-corrosion, anti-reflection, transparency, drag reduction, self-cleaning, anti-

biofouling and water/oil separation.58 When placing a liquid on a surface, adhesive 

forces between the surface and the liquid will cause it to spread and form a continuous 

film while cohesive forces within the liquid will cause it to form a droplet to minimize 

contact with the surface. Therefore, wetting behavior can be viewed as a competition 

between adhesion and cohesion. 

The angle formed between the surface and the liquid droplet, known as the static 

contact angle , is a one-dimensional phenomenon determined by the mechanical 

equilibrium between three surface tensions γ acting on the contact line of the vapor 

(v), the liquid (l) and the solid (s) phases, which are symbolized as γvl (vapor/liquid) γls 

(liquid/solid) and γvs (vapor/solid).59 For an ideally smooth rigid surface, the 

relationship between these tensions is described by Young’s equation60 (Equation 1.4) 

and the contact angle at the three-phase interface is shown schematically in Figure 

1.6. 

Figure 1.6. Equilibrium forces acting on a liquid droplet placed on a smooth 
solid surface. 



13 
 

𝛾𝑣𝑠  =  𝛾𝑣𝑠 +  𝛾𝑣𝑠 cos 𝜃   (1.4) 

When the contact angle is 0° there is perfect wetting while when θ is between 0° and 

90° a partial wetting scheme exists. An angle between 90° and 180° degrees implies a 

non-wetted state and at 180° perfect non-wetting is achieved.59 When the liquid is 

water, the surface is called hydrophilic in the partial and superhydrophilic in the near-

perfect wetting regime, respectively, whereas in the non-wetted state it is considered 

as hydrophobic. For θ values above 150° superhydrophobicity is said to be achieved.  

Besides Young’s angle, there are two additional important angles that can be 

measured when a liquid droplet is slowly expanding on or retracting from a surface. 

The maximum and minimum stable angles are entitled advancing and receding angle, 

respectively, and their difference is the contact angle hysteresis. The hysteresis is 

equal to zero for an ideally smooth surface. In practice, however, most surfaces are 

far from the ideal case and a certain amount of roughness and inhomogeneity exists. 

Wetting on rough surfaces was first described by Wenzel61 for the fully wetted regime 

while for partial wetting with air pocket formation at the interface between the liquid 

and the solid surface the Cassie-Baxter model62 was developed. An example of these 

two wetting states is illustrated in Figure 1.7. It should be noted that the Wenzel and 

Cassie-Baxter models often fail to accurately predict the contact angle since they 

erroneously assume that it is a result of a simple thermodynamic equilibrium 

determined by the energetics at the contact area.63 The fundamental distinction of 

the two wetting states, however, still stands. 

As can be gleaned from the above, contact angle hysteresis is an important parameter 

in rough surfaces and is essential in distinguishing sticky from non-stick surfaces. In 

nature, rose petals and lotus leaves are both intrinsically superhydrophobic but have 

Figure 1.7. Rough surface wetting states: a) Wenzel and b) Cassie-Baxter. 
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very different adhesive forces with water. Rose petals benefit from a hierarchical 

roughness where water can impregnate large micron sized grooves while air pockets 

are formed in the nanosized grooves resulting in a strong adhesion with high contact 

angle hysteresis.64 In contrast, lotus leaves have smaller micro- and nanostructures 

which do not allow water to enter thus leading to a low adhesion, i.e. hysteresis, which 

causes the droplets to easily roll off the leaves.65,66 This distinction has attracted 

tremendous interest due to the multitude of prospective applications.67  

Some examples of hydrophobic metallic surfaces prepared by electrodeposition 

include gold flower-like microstructures on indium tin oxide (ITO)-coated glass, silver 

polyhedrons and dendrites on copper covered by a thin nickel film, copper and copper 

oxide microstructures, ZnO nanorods onto fluorine-doped tin oxide (FTO)-coated 

glass, cobalt structures with dendritic and flower-like morphologies, manganese rough 

clusters, an urchin-like lanthanum complex (La[CH3—(CH2)12—COO]3—) and tungsten 

oxide rough surfaces with pebble-like morphology.68 Hydrophobic copper-nickel69 and 

nickel coatings have been extensively researched and prepared by a variety of one-

step, two-step and composite electrodeposition methods.58  

1.6. Exploiting ferromagnetism 

Among the multiple functional properties of electrodeposited metallic alloys, the 

investigation of their magnetic behavior and its evolution depending on size, shape 

and surface topography is of great interest. On an atomic scale, electrons are 

characterized by two types of magnetic moment. One is associated with the electron´s 

orbital movement around the nucleus and the other with its spinning motion around 

its own axis of rotation. Electron spin can be oriented either in the up or in the down 

direction. Orbital and spin moments of electron pairs can cancel each other out and, 

therefore, the net magnetic moment of the atom is determined by all orbital and spin 

contributions taking into account these cancellations.  

Ferromagnetic materials possess a permanent magnetic moment resulting mainly 

from the existence of uncancelled electron spins since the contribution from orbital 

moments is quite small. Furthermore, coupling interactions cause neighboring 

electron spins to align with each other over large areas which are called magnetic 
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domains. The size of the domains is microscopic, and, for a polycrystalline material, 

the grain and magnetic domain sizes do not necessarily coincide, namely each grain 

can contain more than one magnetic domain, or a single domain can contain several 

grains. The different domains are separated by walls along which the direction of 

magnetization gradually starts to change. Usually, the domains are randomly oriented 

with respect to one another and the bulk material remains unmagnetized. However, 

when an external magnetic field is applied, the domain walls propagate in such a way 

that the magnetic domains aligned favorably to the field direction grow at the expense 

of the others. In addition to domain wall propagation, rotation of the magnetic 

moments inside the domains toward the direction of the applied field also occurs. 

Both processes continue with increasing field strength until the material becomes 

macroscopically a single domain which is perfectly aligned in the field direction and 

then the maximum magnetization, i.e. saturation magnetization, Ms, is reached.70 This 

phenomenon is illustrated in Figure 1.8.  

Ferromagnets will tend to retain a portion of their magnetization, called the 

remanence, even after the external field is removed, thus resulting in a hysteresis 

effect. Therefore, when reversing the field direction from saturation, the original path 

delineated by the variation of the magnetization M with the applied field H will not be 

retraced. This effect is attributed to the resistance of domain wall motion in response 

to the field reversal. The field required to drive the magnetization of the material back 

to zero is its coercivity, Hc. Materials with high coercivity values that are difficult to 

magnetize and demagnetize are called hard magnetic while those with low coercivity, 

which as result involve less energy dissipation with respect to switching, are soft 

magnetic. This “memory” effect related to magnetic remanence forms the basis of 

magnetic data storage technologies. In Figure 1.8, these concepts are elucidated with 

the help of different hysteresis loops acquired for ferromagnetic Fe–Cu films of two 

distinct stoichiometries. Typical materials that display these characteristics are certain 

transition metals (Fe, Co, Ni) and their alloys as well as alloy compositions containing 

rare-earths like neodymium (Nd) and dysprosium (Dy). Recently, room temperature 

ferromagnetism was also discovered in tetragonal ruthenium (Ru).71 
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An immensely important parameter which strongly affects the shape of the hysteresis 

loop is magnetic anisotropy which describes the directional dependence of the 

magnetic properties. The different types of anisotropy can be categorized as 

magnetocrystalline, shape, stress and exchange anisotropy as well as induced by 

magnetic annealing, plastic deformation or irradiation.72 

Temperature constitutes an important factor influencing the magnetic behavior of the 

material. Saturation magnetization is maximum at 0 K where atomic thermal agitation 

is at a minimum. This is also described in Figure 1.8, where it is seen that the Ms of a 

Fe19Cu81 film at 5 K is substantially higher than at room temperature. Random thermal 

motions counteract the coupling interactions such that with increasing temperature 

the saturation magnetization gradually decreases until it reaches the Curie 

temperature Tc, where it sharply declines to zero. At this temperature the material 

becomes paramagnetic which means that it no longer retains any magnetization when 

the external field is removed and, as consequence, there is no hysteresis effect. 

Certain alloys can be annealed in a magnetic field close to but below the Curie 

temperature and then cooled to room temperature to induce a permanent anisotropy 

Figure 1.8. Comprehensive image illustrating basic ferromagnetism concepts 
through the Fe–Cu system. 
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with an easy axis aligned with the applied field. This process is termed magnetic 

annealing and renders the material magnetically softer along the easy axis.72 This 

effect has been technologically exploited as a means to record magnetic information 

in hard magnetic materials through thermally-assisted writing.73 

Magnetocrystalline anisotropy is intrinsic to the material and is dependent on spin-

orbit coupling. When an external field is attempting to reorient the electron spin, it 

also acts on the orbit which tends to resist due to strong orbit-lattice coupling. The 

anisotropy energy is the energy required to overcome the spin/orbit coupling and 

rotate the spin against the easy axis of magnetization. Crystal anisotropy is greatly 

influenced by temperature and rapidly decreases as the Curie temperature is gradually 

approached, at a faster rate than the magnetization, while dropping to zero at the 

Curie point. This causes the coercivity to also disappear since it is strongly dependent 

on the intrinsic anisotropy. For a polycrystalline material, if the individual grains are 

randomly oriented then the material will not exhibit a crystal anisotropy. In most 

cases, however, the crystals have a preferred orientation (or crystallographic texture) 

and then the material will have an anisotropy corresponding to the weighted average 

of the anisotropies of the individual grains.72 

Shape can also be a source of anisotropy since materials are magnetized more easily 

along their long (easy) axis rather than their short (hard) axis. This means that larger 

fields are required to switch magnetization in the short axis direction. 

When exposed to a magnetic field, a ferromagnetic material can also change its 

dimensions. This induced strain is termed magnetostriction λ and is measured at 

saturation. The effect is rather minuscule, but there exists an inverse magnetostrictive 

effect whereby the permeability of the material and the size and shape of the 

hysteresis loop can be changed dramatically when subjected to a mechanical stress. 

This means that if λ is positive an applied tensile stress which elongates the material 

(positive) will increase the magnetization while a compressive stress (negative) will 

decrease it. In polycrystalline metals, the magnetoelastic energy arising from stress 

application can be calculated as follows from Equation 1.5:74 

E =  −
3

2
𝜆𝜎𝑐𝑜𝑠2𝜃   (1.5) 
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where σ is the applied stress and 𝜃 is the angle between the saturation magnetization 

and the stress direction.  

This property is utilized in magnetostrictive transducers and has been intensely 

investigated for future ultra-low power and high-density hybrid systems such as in spin 

transfer torque magnetic tunnel junction (STT-MTJ)-based nonvolatile memory.75-78 

However, there is still a performance gap with respect to high dynamic write energy, 

large latency, yield and reliability.79 

Thanks to advances in lithographic and other unconventional synthesis techniques, 

recent work on nanomagnetism in three dimensions has been extensive. In 3D 

nanostructures, novel physical properties related to geometry, topology and chirality 

arise with great implications for sensing, data storage, nanoelectronics, cloud 

computing and biomedicine.80 

One can also use the geometry of the material to tailor the optical and magnetic 

properties. Magnetic metamaterials, for instance, are synthetically created by 

subwavelength arrangement of the components rather than by compositional tuning, 

thus leading to passive electromagnetic properties not found in nature such as a 

negative refraction index and perfect absorption.81-83 It is even possible to design 

materials with permittivity and permeability values that vary in an independent and 

arbitrary manner throughout and assuming positive or even negative values. Notably, 

negative permeability is a property naturally found only in diamagnetic materials.  

Plastic deformation at room temperature can be used to alter the magnetic properties 

and induce a uniaxial anisotropy by a method called rolling. The easy axis can be either 

parallel or perpendicular to the rolling direction. It can be applied to metals and alloys 

to increase the density of dislocations and other defects. This, in turn, leads to 

clockwise rotation of the hysteresis loop, an increase in coercivity as well as increased 

mechanical strength and hardness. 

Furthermore, a material can be bombarded with neutrons, ions, electrons or gamma 

rays to bring about atomic rearrangements which alter the physical and mechanical 

properties.72 Ion irradiation or ion implantation can be utilized to augment mechanical 

strength and hardness and change the magnetization and crystal anisotropy.84-87 This 
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can be achieved without necessarily increasing magnetic hardness as plastic 

deformation does and some materials become, in fact, magnetically softer.88 

Light can also be used to switch the magnetization either by indirect coupling of the 

electric field component of the light with spins via spin-orbit interaction or direct 

coupling between the magnetic field component and spins.89 

Another interesting way to realize magnetization switching has been by employing 

electric currents. When an electric current is polarized, i.e. it has an unequal number 

of spin-up and spin-down electrons, and passes through a magnetic material, the spin 

mismatch exerts a torque which can change the magnetization direction of the 

material when large enough currents are flowing.90 This can be exploited for spin-

transfer torque magnetic random-access memory (STT-MRAM) devices as the non-

volatile effect is quite promising for information storage. However, the constant flow 

of a large current density is required, which causes high energy consumption. 

Phase change materials (PCMs) are among the most promising for nonvolatile, 

rewritable data storage and their rapid speed, rivaling volatile dynamic random-access 

memories, makes them good candidates for a universal memory. A short voltage pulse 

is used to heat the PCM up to its melting temperature where it changes to a liquid 

phase. During this process the PCM is absorbing heat and provides a cooling effect. 

When the material is rapidly quenched, an amorphous state with higher resistivity is 

induced. After application of a second short pulse of lower voltage, the PCM 

recrystallizes, hence enabling the nonvolatile data storage functionality. Several 

approaches to decrease the required pulse power for storage have been explored.91 

Taking into consideration the above, the switching of magnetization while preserving 

the magnetic behavior of the fabricated materials requires the application of magnetic 

fields which, in turn, are generated using electric currents. This, however, entails a 

large energy consumption through Joule heating. Therefore, the possibility to partially 

substitute electric currents with electric fields and thus achieve higher energy 

efficiency by minimizing Joule effect heat dissipation holds enormous potential. In this 

respect, voltage control of magnetism has been intensely pursued in recent years.92 
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1.7. Voltage control of magnetism 

As has been evinced in the preceding short overview, the control of magnetism is a 

fascinating research topic due the vast array of applications in information technology. 

Among the different avenues explored in literature, voltage manipulation of 

magnetism is a particularly promising option with several added advantages such as 

reversibility, non-volatility and high-speed which can revolutionize magnetic data 

storage, high-frequency magnetic devices and spin-based electronics. 

In metals, an enhancement of the electric field through the use of ferroelectric 

materials and electrolytes as dielectrics constituted a major breakthrough. Ionic 

liquids can tremendously magnify the electric field due to the presence of the electric 

double layer. Moreover, owing to the high oxygen mobility, they allow for an 

alternative mechanism of manipulation through chemically induced oxygen 

migration.93-96 More in detail, when an electric field is applied, an electric double layer 

forms at the interface between the ionic liquid and the material with paired opposite 

charges. As result, transfer of oxygen ions can occur, mediated by oxygen vacancies, 

which alters the magnetic properties. 

Nevertheless, the well-known screening effect, whereby an electric field can only 

penetrate a Thomas-Fermi screening length into a metal (in the order of atomic 

dimensions), was long considered a limitation in voltage control of magnetism.97 In 

other words, the electric charges are concentrated at the surface and screen the bulk 

of the metal from the applied electric field. In the seminal work by Weisheit et al.,98 a 

large electric field was achieved in FePd and FePt ultrathin films by immersing them in 

a propylene carbonate electrolyte with solvated Na+ and OH- ions. Specifically, a 

coercivity modification of -4.5% and +1% in FePt and FePd was reached, respectively. 

A schematic of the electrolytic cell used is shown in Figure 1.9.  

The change was attributed to a modulation in the number of unpaired d electrons with 

energies close to the Fermi under application of an electric field. Weisheit et al. also 

suggested that a high surface-to-volume ratio could be the key to overcoming the 

issue of screening and achieving substantial electric field induced changes.  
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Indeed, a coercivity reduction of 32% was recently accomplished in 600 nm thick, 

nanoporous Cu-Ni films prepared by micelle-assisted electrodeposition, a delicate and 

intricate electrochemical process.99 Other properties such as the Curie Temperature 

and saturation magnetization have also been successfully manipulated by electric 

fields.100 

Materials such as MgO and HfO2 with a high relative permittivity, which results in a 

higher capacity per unit area and, therefore, boosts the capability to modulate carrier 

density with the same voltage, have been used as the dielectric layer. The effect, 

however, is volatile in the absence of an electric field. Ferroelectric materials have 

remnant polarization thus ensuring a nonvolatile effect and can greatly enlarge the 

relative permittivity.93 In addition, their inverse piezoelectric and magnetostriction 

properties render strain-mediated magnetization switching possible.100,101 

Meanwhile, in multiferroic materials (ferromagnetic and ferroelectric), exchange bias 

coupling between the ferromagnetic and antiferromagnetic order can enable voltage 

controlled magnetic switching.101,103 Another mechanism of voltage control of 

magnetism is orbital reconstruction which occurs through the orbital hybridization 

between a ferromagnetic metal and a dielectric or ferroelectric material or, optimally, 

at the interface of ferromagnetic and ferroelectric oxides.104  

The mechanisms of voltage control of mechanisms mentioned above, namely carrier 

modulation, strain, exchange coupling, orbital reconstruction and electrochemical 

redox can also work synergistically or competitively in many cases rather that in a 

Figure 1.9. Schematic of the experimental setup under application of an electric 
field. 98 
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separate and independent manner. Therefore, the investigation of their relationship 

and combined result is critical to thoroughly understanding and optimally employing 

their properties. 

1.8. Objectives 

Electrodeposition and the pursuit of alternative materials to replace the scarce and 

hazardous currently in use in high tech industry is at the heart of this thesis. For this 

reason, the Fe–Cu system presents an excellent candidate to answer modern demands 

in a sustainably and cost-efficient manner. Electrodeposition is coupled with other 

methods to achieve novel morphologies with solutions to modern day problems. 

The main goals can thus be summarized as follows:  

i. Growth of continuous Fe—Cu films over a wide composition range from 

aqueous electrolytes and study of the influence that the bath constituents and 

plating conditions exert on the resulting films properties. 

ii. Combination of electrodeposition with colloidal templating to achieve 

patterned macropores and investigation of the effect that different pore 

diameters and Fe/Cu ratios have on the wetting behavior of the films.  

iii. Experimental investigation of the magneto-electric effects in hierarchically 

porous, relatively thick, Fe—Cu films. 

iv. Fabrication of submicron structures by electrodeposition onto pre-

lithographed substrates prepared by electron beam lithography with the 

purpose of studying the growth of Fe–Cu into narrow cavities with sharply 

defined edges and discovering new magnetic phenomena related to size and 

geometry. 

v. Preparation of arrays of high aspect ratio rods and tubes of various diameters 

and creation of segments by electrodeposition into PC membranes. Another 

goal is to assess their potential photocatalytic activity.  
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                  2 

Important highlights related to the experimental 

techniques 

In the following, a brief overview of several experimental techniques used throughout 

the thesis is presented in order to elucidate some key concepts for an unfamiliar 

reader or in the case that a specific technique has been employed in a 

nonconventional way. A detailed treatment of the fundamentals is beyond the scope 

of the thesis and can be found in advanced textbooks. 

2.1. Confocal laser scanning microscopy (CLSM) 

Confocal scanning microscopy is a form of optical sectioning microscopy that seeks to 

overcome some of the inherent limitations of wide-field fluorescence microscopy. In 

a traditional epifluorescence microscope, a source (e.g. an arc lamp) generates full-

spectrum light which, when directed through the objective lens by way of a 

fluorescence cube towards the specimen, can selectively illuminate it with specific 

wavelengths that excite a particular fluorophore (i.e. an intrinsically fluorescent or 

synthesized compound with a number of conjugated double bonds). The time 

required for a molecule to transition from the ground state to an excited state is in 

the order of femtoseconds. In good fluorophores, the transition back to the ground 

state is made through photon expulsion. The energy of the emitted photon is typically 

less than that of the absorbed photon due to vibrational relaxation and internal 

conversion. This is known as the Stokes shift. A portion of the emitted photons is then 
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collected by the objective and sent through the cube to the detector. The cube 

contains a dichroic mirror and barrier filter to prevent the exciting shorter 

wavelengths from reaching the detector.1 One significant problem that arises with 

wide-filed fluorescence microscopy is that the illumination causes the entire specimen 

thickness to fluoresce creating an out-of-focus blur which diminishes the in-focus 

details and reduces the contrast thus resulting in deteriorated image quality. 

Moreover, emitted light originating from planes deeper inside the specimen, where 

scattering probability is higher, will appear as if arriving from points closer to the 

surface thus leading to an inaccurate image. Finally, signals which are on top of each 

other cannot be seen separately and will be superimposed.  

Marvin Minsky, known as one of the founders of artificial intelligence, was the first to 

patent and describe the confocal imaging idea.2,3 In confocal microscopy, the 

specimen is imaged in sections acquired at different depths throughout the specimen 

thickness, thus allowing a three-dimensional reconstruction from the computational 

combination of the collected image section data. Therefore, the out-of-focus 

background is eliminated, z-axis resolution is higher, and the contrast is greater. 

Lateral resolution can also be improved beyond what conventional fluorescence 

microscopes can achieve.4 Confocal microscopes compose the section images by 

consecutively scanning small regions and recording point intensities according to the 

xy-coordinates. The objective lens is used to transform a collimated plane wave 

created by a laser beam source into a converging spherical wave and the full numerical 

aperture of the lens is used to sharply focus the light onto a single point. This entails 

a longer acquisition time compared to wide-filed techniques which acquire the entire 

image synchronously.4 Acousto-optical tunable filters are used to modulate the 

wavelength and intensity of the laser and avoid the issue of bleaching while 

maintaining a high scan rate. Although confocal microscopy is widely utilized in 

biology, it has also found a niche in materials science and engineering to image surface 

topography and extract its roughness using specialized software. The resolution of 

confocal laser scanning microscope is possibly higher than a standard stylus profiler 

and provides a greater field of view and depth range than atomic force microscopy.  
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In Chapter 3.1, CLSM is used to assess the roughness of Fe–Cu films electrodeposited 

under different conditions. 

2.2. Spectroscopic ellipsometry 

Light is a transverse electromagnetic wave and the direction of the electric field vector 

is conventionally known as its polarization. A polarized wave is one that exhibits 

periodicity in the spatiotemporal behavior of its electric field vector. The most 

common polarization is elliptical, where the electric field vector outlines an ellipse on 

any plane intersecting and perpendicular to the direction of propagation, i.e. one that 

combines orthogonal components of arbitrary amplitude and phase (linear and 

circular polarizations also exist as special cases of elliptical polarization). If an 

electromagnetic wave is a superposition of randomly distributed polarizations it is said 

to be unpolarized. Ellipsometry measures the amplitude ratio ψ and phase difference 

Δ between the two basis linear polarizations upon reflection off a specimen. These 

orthogonal components are known as p-polarized and s-polarized light wanes and are 

parallel and perpendicular to the plane of incidence, respectively.5 Ellipsometry is a 

nondestructive, high precision optical characterization technique with applications in 

semiconductors, biomaterials, real-time monitoring of film growth and evaluation of 

optical anisotropy.6 

In a spectroscopic ellipsometer, the light source and the polarizer prepare a known 

polarization state of the incident light on the specimen and (ψ, Δ) spectra are 

measured for a wavelength λ of light typically in the ultraviolet/visible region, though 

measurements in the infrared region are also commonly reported.7 Since the 

polarization state is determined by light intensity, a known limitation of the technique 

is related to specimen roughness which promotes light scattering. Scattering reduces 

the intensity of the reflected light thereby increasing measurement errors, especially 

when roughness exceeds 30% of the measurement wavelength. The angle of 

incidence is determined according to the optical properties of the sample but must be 

oblique since p- and s-polarizations become indistinguishable at normal incidence. An 

additional advantage of the method is high thickness sensitivity though its spatial 

resolution is rather low with a spot size of several nanometers. The biggest drawback, 
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however, is that it is an indirect characterization method which requires the 

construction of an optical model for the specimen since (ψ, Δ) values cannot be 

directly converted into optical constants. This model is defined by the optical 

constants and approximate layer thicknesses and involves rather complex analysis. 

Two optical constants, namely the refractive index n and extinction coefficient k, must 

be estimated and subsequently evaluated for fitness during model simulations. If the 

values fitted are realistic, i.e. if they fall within the expected range, the complex 

refractive index can be derived from Equation 2.1.6  

N = n − ik (i = √−1)  (2.1) 

The complex dielectric constant ε and absorption coefficient α can then be easily 

calculated (ε = N2 and α = 4πk/λ). From the optical constants and film layer 

thicknesses, reflectance and transmittance at different angles of incidence can also be 

determined. One of the most common practical uses of spectroscopic ellipsometry is 

to determine the thickness and the volume fraction of void (porosity) of porous silicon 

layers used in photonics. 

In Chapter 3.3, ellipsometry measurements are aimed at estimating the inherent 

porosity of the Fe–Cu continuous films as compared to those patterned by colloidal 

lithography in an effort to render a hierarchically porous material. 

2.3. Magneto-optical Kerr effect (MOKE) 

The magneto-optical Kerr effect occurs when a linearly polarized light incident on a 

magnetized material experiences a rotation of the polarization plane, Kerr rotation, 

and a phase difference between the electric field components perpendicular and 

parallel to the plane of incidence as described by Kerr ellipticity. In a typical MOKE 

setup, light generated by a laser source passes through a polarizer and a photoelastic 

modulator (PEM) before reaching the surface of a non-transparent sample which is 

situated between two electromagnets. The reflected light, which has experienced a 

rotation in its plane of polarization, then passes through an analyzer polarizing filter 

and a photodiode detector, thus producing a signal. Any change in rotation, polarized 

amplitude or ellipticity can be detected and are converted into changes in light 

intensity by the analyzer. A lock-in amplifier is used to increase the contrast and 
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improve the signal-to-noise ratio.8 The magnetic domain contrast is sensitive to the 

magnitude and the direction of magnetization. In fact, the Kerr effect is ideal for 

observing domain wall motion in real time. Local hysteresis loops can also be obtained 

by plotting the average intensity of the Kerr images against the external applied field. 

It should be noted that, in metals, only the surface magnetization for a penetration 

depth of a few tenths of nanometers can be seen.8 

Three possible configurations exist for carrying out MOKE measurements. In polar 

MOKE, the light impinges perpendicular to the surface and the magnetic field is 

applied out-of-plane. In longitudinal MOKE, the magnetization direction is in-plane 

and parallel to the plane of incidence. Finally, in transverse MOKE, the magnetization 

vector is in-plane with respect to the surface and normal to the plane of incidence.  

For the magneto-electric measurements performed using a MOKE setup in Chapter 

3.3 of this thesis, the samples were mounted in a custom designed quartz cell filled 

with an ionic liquid (i.e. propylene carbonate with solvated Na+ and OH- ions), as 

shown in Figure 2.1.  

Figure 2.1. Experimental setup used for magneto-electric measurements with MOKE 
(courtesy of Dr. Jin Zhang)  
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2.4. Electron energy loss spectroscopy (EELS) 

Transmission electron microscopy (TEM) is a powerful structural characterization 

technique with a high spatial resolution that can reach atomic dimensions in imaging 

and electron diffraction. The basic principles of operation are the same as with a light 

microscope, but electrons are used in place of light. A beam of electrons is generated 

from an emission source, which is usually a tungsten filament, and is focused by 

passing through a condenser lens. Since glass lenses would impede the electrons, 

electromagnetic lenses are used instead. Subsequently, the beam arrives at the 

specimen where a portion of it is transmitted depending on specimen thickness and 

electron transparency. Typically, specimens thinner than 100 nm are required for 

electrons to pass through them. The transmitted part then is focused and initially 

magnified by the objective lens to form an image onto a fluorescent screen or charge 

coupled device (CCD) camera. Additional intermediate lenses also serve to magnify 

the image. Owing to the fact that the wavelength of electrons is much smaller than 

that of light, the resolution obtained with TEM is many orders of magnitude better. In 

addition, elemental composition data can be obtained by energy-dispersive X-ray 

spectroscopy (EDX) or electron energy loss spectroscopy which are made possible by 

coupling a scanning transmission electron microscope (STEM) with an EDX detector or 

an electron spectrometer, respectively.  

As the incident beam interacts with the atomic electrons of the specimen, this causes 

inelastic scattering of the high energy electrons, which lose energy (gained by the 

specimen electrons) and are slightly deflected from their path. The energy distribution 

of the inelastically scattered electrons provides information about the physical and 

chemical properties of the specimen. This is the basis of EELS, which constitutes a 

highly localized and sensitive technique that can be used for elemental mapping and 

quantitative analysis at atomic resolution and is ideal for light elements such as C and 

O.9 The information obtained by EELS is very similar to that of X-ray absorption 

spectrometry (XAS) performed at the synchrotron though the spatial resolution of 

EELS is better (< 1 nm in Cs-aberrated STEM instruments). On the other hand, EDX 

measures the number and energy of X-ray photons emitted by the excited specimen 
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and is sensitive to heavier elements considering that light elements usually have low 

X-ray yield.10 Therefore, the two techniques are considered complimentary.  

In Chapter 4, EELS is used in combination with EDX to determine the elemental 

distribution of Fe, Cu and O throughout the thickness of compositionally graded Fe–

Cu submicron structures. A lamella of approximately 60 nm was prepared for this 

measurement.  
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                  3 

Results as a compilation of articles 

In this Chapter, the results attained in the thesis are presented as a compendium of 

articles. An extended abstract precedes each publication while a comprehensive 

discussion can be found in the articles.  
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3.1. Parametric aqueous electrodeposition study and characterization 

of Fe–Cu films  

In this work, FexCu1-x (0≤x≤86) coatings of several microns in thickness were 

synthesized by galvanostatic electrodeposition onto a gold coated substrate from an 

aqueous sulfate electrolyte under constant magnetic stirring. Citric acid, glycine and 

sodium gluconate were used as complexing agents in order to study the effect on film 

structure and morphology. It was shown that high-quality Fe-rich deposits were 

achieved from the gluconate containing electrolyte. On the other hand, excellent Cu-

rich deposits were obtained from the glycine and citric acid baths with glycine leading 

to higher current efficiency while gluconate had a suppressing effect.  

Current efficiency, roughness, deposit quality and composition were also shown to be 

highly influenced by bath pH, temperature and current density. The increase of 

temperature generally favored Cu deposition while also diminishing oxygen 

incorporation. The citric acid and glycine baths yielded improved results in the lower 

pH values while the opposite was true for the gluconate bath. The optimal ranges of 

operating current densities were determined for each case. Moreover, as assessed by 

X-ray photoemission spectroscopy, the oxygen was found to be confined to the 

uppermost surface with the oxygen peaks drastically decreasing upon removal of the 

surface layer. 

In terms of microstructure, the deposits were found to be nanocrystalline and 

exhibited phase separation into Cu-rich face-centered cubic (fcc) and Fe-rich body 

centered cubic (bcc) phases with partial alloying as evidenced by Rietveld refinement. 

Average crystallite size was smaller for increased Cu content while microstrains were 

generally much smaller as compared to FeCu films prepared by mechanical alloying. 

Finally, concerning the magnetic properties, the deposits were soft magnetic with 

rather square hysteresis loops while saturation magnetization increased with the Fe 

content. 
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A B S T R A C T

In this study, FexCu1�x films over a wide composition range (0�x�86) were prepared from an aqueous
sulfate electrolytic solution using three different complexing agents and variable plating conditions. The
effect of parameters such as bath composition, current density and temperature on the elemental
composition, morphology, structure and magnetic properties of the deposits was investigated. The
electrochemical behavior was studied using cyclic voltammetry. High quality, smooth deposits with good
substrate adhesion and minimized oxygen content were achieved. X-ray patterns indicate phase
separation, though results from Rietveld analysis strongly suggest partial alloying. Magnetization
dependence on Fe content is clearly demonstrated.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The FexCu1�x alloy has attracted tremendous interest with
respect to the magnetism of the face-centered cubic (fcc) phase of
Fe (austenite), which can be obtained either via precipitation in a
Cu matrix [1–3] or can be epitaxially grown on a Cu substrate [4,5].
However, the mutual solubility of Fe and Cu is quite low due to
their positive enthalpy of mixing which has a theoretical value of
10.5 kJ mole�1 [6]. Only �4 at% Fe can be dissolved into the Cu
matrix with fcc structure and, conversely, �10 at% Cu can dissolve
into the Fe matrix with body-centered cubic (bcc) structure near
their respective melting points [7]. Metastable solid solutions
have been prepared by different approaches, such as mechanical
alloying [8–14] and physical vapor deposition techniques [15–17].
Single crystalline FexCu1�x alloys over the entire composition
range have been prepared successfully on a GaAs (001) substrate
via molecular beam epitaxy for film thicknesses up to 8 nm [18].
Studies on the magnetic coupling and alloying interface effect of
Fe–Cu multilayers [19–21] and superlattices [16,22] have also been
carried out with potential applications in giant magnetoresistive
(GMR) devices.

Electrodeposition offers an attractive alternative due to its
simple, cost-effective and easy to operate set-up. Moreover, it
works at ambient pressure and enables the growth of relatively

thick homogeneous coatings at fast deposition rates. The proper-
ties of deposits can be fine-tuned by modulating factors such as the
composition, temperature and pH of the electrolytic bath and
electroplating parameters such as agitation and deposition mode.
However, due to the immiscibility of the system and the tendency
of Fe to form oxides/hydroxides, existing literature related to Fe–Cu
films prepared via electrodeposition is somewhat limited in scope.
In few works, a relatively wide composition range of partially
alloyed deposits of nanometer-thickness has been obtained by
varying either the Cu or Fe salt concentrations [23,24]. This method
was also used in one study focused on achieving high physical
properties and enhanced corrosion resistance of thick coatings
[25]. In another case, Mössbauer studies of metastable FeCu alloys
in powder form targeted four different compositions attained by
altering the Fe salt concentration [26]. Alternatively, the applied
potential during pulsed electrodeposition mode was tuned in one
study to produce the desired thin film composition and the
magnetic behavior was investigated in relation to Fe content and
temperature [27]. In another paper, Mössbauer studies were
performed specifically on the CuFe alloy in powder form with a 72
at% Fe [28]. A paper on the electrodeposition of Cu-rich CuFe thin
foams for supercapacitor electrodes was concentrated on the
specific capacitance, the electrochemical response and the effect of
thermal conditioning [29]. Finally, the effect of magnetic fields
parallel to the electrode surface during deposition on the
morphology and composition of the thin films has been reported
[30].
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Additionally, the results of studies on the structural and
magnetic properties vary significantly since these are dependent
on the fabrication method and the experimental conditions.
Importantly, the Fe concentration below which a single fcc
structure is obtained, the concentration range of mixed bcc and
fcc phase and the Fe concentration above which a single bcc phase
is observed, differs for each fabrication method.

In this work, we have prepared micrometer-thick FexCu1�x

films over a wide composition range (0�x�86) from three
electrolytic solutions where a different complexing agent was
used. Subsequently, extensive characterization of the composition,
morphology, structure and magnetic properties of the deposits
obtained was carried out. Optimized synthetic conditions leading
to Fe-rich films with minimized oxygen content are highlighted.

2. Experimental

2.1. Instrumentation

Electrodeposition was performed in a three-electrode cell
connected to a PGSTAT302N Autolab potentiostat/galvanostat
(Ecochemie). A double junction Ag|AgCl (E = +0.210 V/SHE) acted
as reference electrode (RE) (Metrohm AG) with a 3 M KCl inner
solution and a 1 M Na2SO4 outer solution. A Pt wire was used as a
counter electrode (CE). Silicon/silicon dioxide (SiO2) substrates
with a 10 nm Ti adhesion layer and a 90 nm Au seed layer served as
the working electrode (WE) for deposit growth and for cyclic
voltammetry (CV) studies. The working area was measured to be
0.25 � 0.01 cm2.

2.2. Chemicals and electrolytic solutions

The electrolytes (100 mL) were prepared with Millipore Milli-Q
water and ACS Reagent grade chemicals purchased from Sigma-
Aldrich. The first solution contained 58.8 g/L (NH4)2Fe(SO4)2�6H2O,
1.25 g/L CuSO4�5H2O (i.e., a [Fe(II)]/[Cu(II)] molar ratio of approxi-
mately 30), 20.2 g/L citric acid as a complexing agent, 0.2 g/L
sodium dodecyl sulfate as a wetting agent and 0.46 g/L saccharine
as a grain refining agent (bath A). The as prepared pH was 2.2 and
samples were deposited at discrete working temperatures of 25 �C,
35 �C and 45 �C. For the second solution 7.9 g/L glycine was used
instead as a complexing agent (keeping the concentration of
complexing agent at 0.1 M) and the pH was adjusted from 3.7 to 2.2
with addition of H2SO4 (bath B). Finally, for the third solution,
22.9 g/L sodium gluconate was the complexing agent and samples
were deposited both from the as prepared solution with a pH of 4.1
(bath D) and after the adjustment of the pH to 2.2 with the addition
of sulfuric acid (bath C). The stability of the solutions has been
confirmed over the course of at least a few months.

2.3. Electrode preparation and procedure

Before electrodeposition, substrates were cleaned with acetone,
followed by isopropanol and, finally, rinsed with Milli-Q water to
remove any debris and residues. The electrolyte was de-aerated
with argon gas before each deposition and mild stirring was
applied by means of a magnetic stirring bar (v = 200 rpm). The
galvanostatic mode was chosen for deposition with applied current
densities in the range of �25 mA cm�2 to �100 mA cm�2.

2.4. Characterization

Sample morphology and roughness were observed via Scanning
Electron Microscopy using a Zeiss MERLIN Field Emission Scanning
Electron Microscope (FE-SEM) and Confocal Laser Scanning
Microscopy (CLSM) with the confocal 3D optical surface metrology

system LEICA DCM3D, respectively. The elemental composition
was determined by Energy Dispersive X-ray Spectroscopy (EDXS)
at an acceleration voltage of 15 kV. The mass of the deposited
material (Fe and Cu amounts) was determined using a Perkin Elmer
Optima 4300DV Inductively Coupled Plasma Optical Emission
Spectrometer (ICP-OES). In preparation, the deposits were
dissolved in test tubes containing 2 ml of nitric acid solution
and one tube was filled solely with the solution to be used as a
reference. The crystallographic structure of the deposits was
studied by X-ray Diffraction (XRD). The XRD patterns were
recorded on a Philips X’Pert diffractometer using CuKa radiation
and a Bragg-Brentano u–2u configuration. Cell parameters,
crystallite sizes and microstrains were evaluated by Rietveld
refinement using the Materials Analysis Using Diffraction (MAUD)
software [31]. In order to determine elemental oxidation states, X-
ray Photoelectron Spectroscopy (XPS) analysis of several samples
was carried out on a PHI 5500 Multitechnique System spectrome-
ter from Physical Electronics, equipped with a monochromatic
X-ray source placed perpendicular to the analyzer axis and
calibrated using the 3d5/2 line of Ag. The adventitious C1s line
at 284.5 eV was used as a charge reference to calibrate the XPS
spectra. Measurements for the composition depth profiles of six
selected samples were obtained by sputtering the surface with an
Ar+ ion source for 2 minutes (�10–15 nm below the surface). The
energy of the deconvoluted peaks was compared with the NIST XPS
database. A linear background removal method was employed
[32]. For the magnetic characterization samples were placed in a
Vibrating Sample Magnetometer (VSM) from LOT-Quantum Design
and hysteresis loops were recorded at room temperature, along the
in-plane direction of the films, over an applied field range of �20
kOe to 20 kOe.

3. Results and discussion

3.1. Cyclic voltammetry studies

CV curves were recorded from all electrolytic solutions at
different temperatures in order to determine the current density
range suitable for deposition. A single cycle was run for each case
with a scan rate of 0.05 V s�1 and the potential sweep was initiated
at �0.2 V. Initially, the cathodic limit for bath A was varied between
�0.8 and �1.3 V to identify where the reduction and oxidation of
different species occurs. Moreover, an additional scan was
performed with the exclusion of the Cu salt while preserving a
constant concentration of the metal cations in the solution, thus
facilitating the interpretation of the anodic peaks (Fig. 1a). As is
evident in Fig. 1b, the onset of deposition occurs at approximately
�0.7 V. At higher cathodic limits, as the potential moves to more
negative values, a steep increase in the absolute value of the
current density is observed. A noisy signal indicates increased
hydrogen co-evolution. After reversal of the scan direction, a single
oxidation peak appears at cathodic limits lower than �1.1 V,
attributed to Cu species (peak P1). This can be verified by
comparing with Fig. 1a where there is only Fe present in the
solution and, consequently, there are no observable peaks at the
�0.8 V and �0.9 V limits. The onset of deposition for Fe takes place
around �1 V and it can be seen that the Fe oxidation peak (peak P5)
increases in intensity and shifts to the right for higher cathodic
limits. Notably, as can be discerned from Fig. 1b, at the �1.1 V limit
a broadened oxidation peak appears (peak P2), shifted to the left
relative to peak P1, which signifies the existence of a mixed phase.
At the �1.2 V limit, an increase in hydrogen co-evolution is
remarked, accompanied by a shift of the oxidation peak P2 to the
left and the appearance of a shoulder peak in the anodic scan (peak
P3). Furthermore, a weak second oxidation peak appears (peak P4).
When compared to the Fe oxidation peak 5 in Fig. 1a, peak 4
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corresponds in position but is substantially broadened indicating
once again the presence of a mixed phase. At the highest cathodic
limit of �1.3 V, there is intense hydrogen co-evolution leading to
introduction of significant amounts of oxides and hydroxides in the
deposits. As result, a clear double-peak split (peaks P2 and P3) and
a marked augmentation of peak P4 is seen in the anodic scan. These
interpretations were in agreement with EDX elemental analysis.

After these preliminary tests, the cathodic limit was set to
�1.5 V for all experiments. As seen in Fig.1c, the onset of deposition
at room temperature is similar for electrolytes A, B and C at about
�0.7 V. As expected, in the anodic scan, a complex oxidation
process takes place with multiple peaks denoting the formation of
non-single phase deposits with variable chemical composition.
According to the insights provided by this study an appropriate
range of current densities was chosen for sample preparation.

With respect to the effect of temperature, similar trends where
recorded for all electrolytes. As exemplified in Fig. 1d for the
gluconate containing solution at pH = 2.2 (bath C), the increase of
temperature to 35 �C and, subsequently, to 45 �C leads to an earlier
onset of deposition and faster deposition rates. This is seen by an
increase in the absolute value of current density, which indicates
rapid deposition of large amounts of material within a narrow
potential range. Consequently, this is accompanied by an increase
of the height of the oxidation peaks.

3.2. Effect of complexing agents, current density and temperature

The effect of current density on deposit composition for the
different electrolytes at 25 �C can be observed in Fig. 2. Error bars
have been included, which represent the standard deviation for at
least three replicas in each case. As expected, the increase of
current density favors deposition of Fe, which is charge transfer
controlled [33]. At large absolute values of current density, deposit
composition becomes more difficult to control and oxygen
incorporation increases in electrolytes A, B and C. This behavior

suggests an increase in the local pH in the vicinity of the cathode,
which, although mitigated by the inclusion of boric acid, results in
hydrogen evolution reactions and possibly in the formation and
precipitation of iron hydroxides on the cathode, which are
incorporated in the deposit. When the value of current density
exceeds �75 mA cm�2 for the citric acid (A) and glycine solution (B)
and �100 mA cm�2 for the gluconate electrolyte (C and D) deposit
quality rapidly declines and poor adhesion to the substrate occurs.

For the citric acid and glycine electrolytes (baths A and B),
samples over a wide composition range are obtained, though
glycine appears to lead to deposits slightly richer in Cu (Fig. 2a and
b). In the gluconate solution (baths C and D), the samples are
mostly Fe-rich with more than 70 at% Fe. Copper-rich deposits are
only obtained at current densities below �50 mA cm�2 as seen in
Fig. 2c.

For comparison purposes, samples were also deposited with the
as prepared pH for the glycine and gluconate electrolytes. In the
case of glycine, at a pH value of 3.7, the deposit quality and
substrate adhesion was extremely poor. For this reason, results
from this bath were not considered. Contrarily, from the gluconate
electrolyte fast deposition of high quality Fe-rich deposits was
possible (bath D). Elemental composition was also easier to control
at the 4.1 pH value across the entire range of applied current
densities while oxygen incorporation was kept low. It is assumed
that the gluconate ions in the solution act as an inhibitor to the
deposition of Cu due to their complexion of Cu2+ via a ligand
carboxyl group [34]. At lower pH the stability of the copper-
gluconate complex is compromised, which increases the number
of free Cu2+ ions and allows deposition of Cu-rich films at low
current densities [34].

Next, the effect of temperature was studied by comparing the
deposit composition at 25 �C, 35 �C and 45 �C for the different
electrolytes when plating at a current density of �50 mA cm�2, as
shown in Fig. 3. The increase of temperature improves mobility
and, thus, favors the deposition of Cu, which is mass transfer

Fig. 1. Cyclic voltammetries under stirring conditions from (a) electrolyte A with omission of the Cu salt (b) electrolyte A at different cathodic limits (c) electrolytes A, B and C
at 25 �C and (d) electrolyte C at different temperatures.
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controlled in the citric acid [35] and glycine solutions [36] (baths A
and B). This is also accompanied by a decrease in the oxygen
content, which is closely linked to the amount of Fe in the deposit
(Fig. 3a and b). In the case of gluconate, the reverse trend is
observed (Fig. 3c and 3d). The increase of temperature at the higher
pH value (bath D) stabilizes the copper-gluconate complex and Fe
deposition is favored while oxygen incorporation is limited
(Fig. 3d). The adjustment of the pH weakens the stability of the
copper-gluconate complexes and the rise of temperature

accelerates copper deposition (bath C). Therefore, at 35 �C and
45 �C copper is preferentially plated. However, this phenomenon is
also marked by a significant elevation of the oxygen amount
(Fig. 3c).

Pertaining to bath efficiency, this was found to vary substan-
tially depending on current density and temperature across
different electrolytes. Nevertheless, some assessments could be
made based on the results from ICP-OES analysis of selected
samples for the determination of the Fe and Cu mass deposited

Fig. 3. Deposit composition dependence on temperature for different electrolytes: (a) bath A (b) bath B (c) bath C (d) bath D for deposits plated at a current density of
�50 mA cm�2.

Fig. 2. Deposit composition dependence on current density at 25 �C for different electrolytes: (a) bath A (b) bath B (c) bath C (d) bath D.
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experimentally. These were compared to the theoretical mass of Fe
and Cu deposited which was calculated assuming 100% cathodic
efficiency using Faraday's law of electrolysis. In bath D, for
example, at a current density of �50 mA cm�2 and at a temperature
of 35 �C, an overall efficiency of approximately 41% was achieved.
In bath C (pH adjusted to 2.2), however, at a current density of
�50 mA cm�2 and at a temperature of 25 �C, total efficiency
dropped to about 11%. Additionally, in bath C, at a current density
of �75 mA cm�2 and at a temperature of 35 �C, the efficiency was
calculated at about 20%. Finally, in bath A, at a current density of
�25 mA cm�2 and at a temperature of 25 �C, the efficiency was
around 18%. Furthermore, based on our observations during
electrodeposition, bath D has the highest efficiency for Fe
deposition whereas bath B is the most efficient for deposition of
Cu. There are optimal current density and temperature combina-
tions in each electrolyte which lead to the highest total efficiency,
but these do not follow a linear relationship.

3.3. Surface characterization

From the images obtained using FE-SEM, the dependence of
morphology on the plating parameters and electrolyte becomes
apparent. Highly copper-rich deposits of approximately 99 at% Cu
are granular and smooth with round, closely packed clusters of
different size as seen in Fig. 4a. As the copper content decreases,
nodular clusters are typically observed, which as is evident in

Fig. 4b, are formed much further apart. In the case of Fe-rich
deposits from the gluconate electrolyte (bath D), which can be seen
in Fig. 4c, the clusters are quite densely packed rendering a
cauliflower-like morphology. Finally, Fe-rich deposits from the
citric acid and glycine electrolytes tend to grow in the dendritic
structure with significant oxygen incorporation (not shown). In
any case, it was clear that the incorporation of Fe into Cu deposits
brought remarkable changes in morphology.

Results from SEM imaging made it clear that for the Fe-rich
samples roughness varied greatly depending on the applied
current density and the temperature of the electrolyte. As shown
previously, good quality samples with minimized oxygen content
were obtained from the gluconate electrolyte at the 4.1 pH value
(bath D). Therefore, a closer investigation of roughness variation
for these deposits was deemed necessary. The 3D topographical
images obtained using the CLSM technique are presented in Fig. 5.
It was ascertained that increasing temperature led to gradually
much smoother deposits while with respect to the applied current
density there was an optimal value of �50 mA cm�2.

Finally, after establishing the optimal conditions required to
produce high quality samples with low roughness and minimized
oxygen content, it was deemed necessary to further research the
oxidation phases present in the Fe-rich deposits and to determine
whether oxygen is mostly present at the surface or throughout the
entire sample volume. This was investigated by performing XPS

Fig. 4. Representative SEM images of films of distinct composition (a) almost pure Cu (99 at%) deposit obtained from bath B at 25 mA cm�2 current density at 25 �C with a
36 min deposition time (b) Fe34Cu66 from bath A at �50 mA cm�2 at 45 �C with an 18 min deposition time (c) Fe74Cu14 from bath D at �50 mA cm�2 at 45 �C with an 18 min
deposition time.
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Fig. 5. CLSM 3D images illustrating roughness variation of Fe-rich films deposited from bath D at different current densities and temperatures: (a) Fe90Cu10, �25 mA cm�2

(left) and Fe88Cu12, �50 mA cm�2 (right) at 25 �C (b) Fe78Cu22, �25 mA cm�2 (top left), Fe88Cu12, �50 mA cm�2 (bottom left) and Fe92Cu8, �75 mA cm�2 (bottom right) at 35 �C
(c) Fe71Cu29, �25 mA cm�2 (top left), Fe84Cu16, �50 mA cm�2 (bottom left) and Fe86Cu14, �75 mA cm�2 (bottom right) at 45 �C.
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analysis on six selected samples with high Fe amount since iron is
considerably more prone to oxidation.

The general spectra of one sample chosen as a reference are
exhibited in Fig. 6. It can be readily observed that the intensity of
the O 1s peak significantly declines after Ar+ sputtering. This
trend was confirmed for all samples tested. After removal of the
surface layer, the Fe and Cu amounts increase accordingly. For
added clarity, the atomic percentages of Fe, Cu and O before and
after sputtering for all samples are included in Table 1. From the
detail spectra of Fe 2p presented in Fig. 7a, the doublets located
between 707 eV and 719 eV (2p3/2) and between 720 eV and
732 eV (2p1/2) with shakeup satellites indicate that Fe is found
mostly in an oxidized state (Fe2+ and Fe3+). The small shoulder
peak observed at around 706.5 eV (2p3/2), can be attributed to
metallic iron (Fe0). However, after removing the surface by
sputtering, the Fe0 signal is much stronger, while the oxide peaks
decrease. This points to the existence of iron oxide mainly on the
surface while after sputtering with Ar+ ions the main contribu-
tions in the XPS spectra correspond to Fe0. These results are also
consistent with EDX quantification due to the large interaction
volume in the order of mm in SEM, whereas XPS is very surface
sensitive. In the detail spectra of Cu 2p seen in Fig. 7b, the peaks
correspond to the Cu0/Cu+, Cu2+ species and shakeup satellites.
The very weak intensity of surface spectra means there is slight
amount of Cu, whereas by removing the surface after sputtering,
the increased intensity of the peaks associated with Cu0/Cu+

suggests that the existent state of Cu is mainly metallic with small
amount of oxides. Analysis of O 1s spectra, as presented in Fig. 7c,
was performed by comparing with the spectra of Fe and Cu. After
sputtering, the oxygen signal sharply decreases and the two main

O2� peaks correspond to the Cu oxides while the Fe oxide peak
greatly diminishes. Additionally, the contribution from H2O
(533.0 eV) can be found before and after sputtering indicating
the absorption of water in the films. Therefore, it can be
concluded that the surface was covered mainly by iron and
copper oxides and after removal of the surface layer the amount
of oxides drastically reduced, thus revealing the metallic states of
Fe and Cu.

3.4. Crystallographic structure

The X-ray diffractograms obtained from samples with varying
Fe/Cu ratio are illustrated in Fig. 8. The Miller indices of the peaks
are also indicated. These results confirm phase separation with
clear bcc and fcc peaks for Fe and Cu, respectively.

The XRD patterns were fitted using the Rietveld combined
analysis tool provided by the MAUD software. As can be seen from
the diffractograms, the films appear textured in the fcc (111) and
bcc (110) planes evidenced by the higher relative intensity of these
peaks compared to the theoretical intensities of isotropic bcc-Fe
and fcc-Cu powders. The theoretical lattice constant for Cu fcc is
3.615 Å [37] and that of Fe bcc is 2.867 Å [38]. As is evident in
Table 2, an increase in the amount of Fe is accompanied by a larger
bcc volume fraction and a higher Cu amount signifies an elevated
fcc volume fraction, respectively. The fcc lattice parameter of
copper is also increased, which strongly suggests the inclusion of
Fe atoms in the Cu matrix. This makes sense considering the atomic
radii of Cu (1.45 Å) and Fe (1.56 Å) atoms. Moreover, it can be seen
that the bcc crystallite size is progressively larger at higher bcc
volume amounts. There is no clear trend, however, for fcc
crystallite size. In any case, the values are within the nanosize
domain, likely indicating that saccharine is an effective grain-
refining agent in Fe-Cu codeposition. Finally, the microstrains,
which is a microstructural parameter expressing the root-mean-
square average deviation of the crystal d-spacings often caused by
dislocations and other lattice defects, were found to be negligible
and, indeed, the films were almost free of cracks. Low microstrains
are typically reported in metallic films produced via electrodepo-
sition [39–41], whereas for those produced using mechanical
methods (e.g. ball milling) values of the order of 0.01 (or 1%) can be
attained [42–44] due to the high dislocation densities resulting
from the deformation processes.

3.5. Magnetic properties

Hysteresis loops of deposits with diverse at% Fe were recorded
by VSM. The results of these measurements, for fields applied
parallel to the film plane, are presented in Fig. 9. The y axis of
magnetization has been normalized in emu g�1. As is evident in the
graph, the saturation magnetization, MS, decreases monotonically
as the Fe amount is gradually diminished. Note that MS for pure Fe
at room temperature is 217.2 emu g�1. The obtained results are in
good agreement with other experimental works on the magnetic
properties of FeCu in the literature [8]. Importantly, films with a 6
at% Fe exhibit ferromagnetic behavior albeit with a very low
saturation magnetization (�4 emu g�1). This is probably due to the
occurrence of phase separation since fully alloyed fcc films with 6
at% Fe are typically paramagnetic at room temperature [13],
although an enhanced magnetization is expected at low tempera-
ture for fcc-CuFe clusters with very small sizes [45]. Note that a 2–
3% bcc-Fe (not detectable by XRD) would be enough to give this
small value of MS. In addition, it is not possible to completely rule
out that a small contribution to MS could come from the presence
of ferrimagnetic surface iron oxides, as detected by XPS.
Additionally, the films were found to be magnetically isotropic
since similar hysteresis loops were recorded when applying the

Fig. 6. XPS general surface profile of Fe-rich reference sample before (red curve)
and after 2 min Ar+ sputtering (blue curve).

Table 1
Atomic percentage of elements determined via XPS before and after surface
sputtering.

At% Before Sputtering At% After Sputtering

Fe Cu O Fe Cu O

26.80 0.27 72.93 81.93 1.28 16.79
28.69 0.66 70.65 76.70 2.36 20.95
21.16 15.51 63.33 72.45 8.93 18.62
27.07 4.47 68.45 63.47 6.96 29.57
29.74 2.72 67.55 76.74 3.70 19.56
30.72 13.14 56.14 76.52 11.98 11.49
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field along the in-plane and out-of-plane directions. The overall
low coercivity values recorded (�42–154 Oe) classify this material
as soft magnetic and could find applications as structural
components in magnetic micro- and nano-electromechanical
systems (MEMS/NEMS).

4. Conclusions

In this work, FexCu1�x films were deposited within a wide
composition range and the effect of three different complexing
agents as well as of various plating conditions were systematically
investigated. Subsequently, detailed morphological, structural and
magnetic characterization was carried out. The choice of complex-
ing agent was crucial in determining the derivable stoichiometry
and the span of current densities leading to good adhesion and
high film quality. Gluconate as a complexing agent leads to Fe-rich
films because of suppression of Cu deposition, while in the case of
citric acid and glycine higher current density favors Fe deposition.
The increase of temperature typically favors Cu inclusion, although
in the case of the gluconate electrolyte at the 4.1 pH value the effect
is negligible. Film morphology is nodular with cauliflower-like
cluster formation. In terms of roughness, higher temperature leads

Fig. 7. Experimental and deconvoluted detail spectra at surface (left) and at �10 - 15 nm below surface layer (right) of (a) Fe 2p, (b) Cu 2p and (c) O 1s bands of reference
sample.

Fig. 8. X-ray Diffraction patterns for films of varying composition.
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to smoother deposits with more densely packed clusters. Current
density is also a critical factor and an optimal value of �50 mA
cm�2 can be reported for the gluconate electrolyte. Oxygen is
mostly found at the uppermost layer of the deposits where it most
likely forms a passivation layer. Magnetite Fe3O4 and hematite
Fe2O3 are the oxide phases present in the films. From the results of
structural analysis, phase separation was confirmed with clear bcc
and fcc diffraction peaks. However, the findings from Rietveld
refinement strongly indicate partial alloying. Magnetic hysteresis
measurements of the films revealed that saturation magnetization
can be tuned by configuration of the at% Fe and, in contrast to
previous studies, a low magnetic moment was observed even in
the case of diminished Fe content.
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3.2. Fabrication of sustainable hydrophobic and oleophilic pseudo-

ordered macroporous Fe–Cu films with tunable composition and pore 

size via electrodeposition through colloidal templates 

Superhydrophobic/superoleophilic materials with excellent absorption capacity are 

highly desirable for water/oil separation devices which can be utilized in 

environmental cleaning after an oil spill reversing the devastating effects of oil 

pollution without negative ramifications connected with other currently employed 

methods. Therefore, porous materials are promising candidates due to their high 

surface-to-volume ratio which maximizes absorption while by tuning the pore size one 

can effectively separate oil not only from mixtures but, importantly, also from 

emulsions. Several methods are employed to render these materials 

superhydrophobic/oleophilic which are hampered by several disadvantages related to 

complex and expensive fabrication process, sophisticated lab equipment, problems 

with upscalability and use of toxic substances.  

In this paper, the fabrication of superhydrophobic and oleophilic Fe–Cu films of a 

highly porous nature was targeted. The synthetic protocols previously established for 

the growth of continuous coatings were extrapolated for the preparation of Fe-rich 

and Cu-rich porous films by coupling electrodeposition with a versatile hard 

templating technique. Polystyrene colloidal spheres of three submicron sizes (200 nm, 

350 nm and 500 nm) were utilized to create the porous network. The spheres were 

deposited through electrophoretic deposition which allows for a close-packed 

assembly with good uniformity. Dual roughness created by the pores and by nanosized 

features along the pore walls was instrumental in achieving the high water contact 

angles measured in all films without the need for post-treatment. This was confirmed 

by the significantly lower water contact angles reached for their continuous 

(unpatterned) counterparts. Conversely, oil contact angles were systematically low for 

all porous samples, namely between 13.0° and 18.9° upon contact and gradually 

decreasing. 

Remarkably, for the 500 nm macro-pore size Fe85Cu15 film, water contact angles were 

consistently above 150° and a low contact angle hysteresis were achieved. As a proof 
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of concept, the superhydrophobic films were used to remove motor oil droplets from 

water and the efficiency was assessed by gas chromatography-mass spectroscopy. 

This revealed a 60% initial absorption capacity which held at 40% after multiple 

removal/rinsing cycles. Notably, certain losses were inevitable due to the tendency of 

the oil droplets to adhere to the sides of the glass container. Finally, the submicron 

pore size is ideal for oil removal in emulsions. 
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a  b  s t r a c  t

In  this work, sustainable  hydrophobic  and oleophilic  macroporous Fe–Cu films  are  fabricated using

a  straightforward,  inexpensive  and environmentally  friendly two-step  procedure  which  combines

electrodeposition  with the  colloidal lithography technique. Elemental, morphological and structural

characterization  of the resulting  pseudo-ordered meshes is  carried out  and  wettability  is  assessed  using

contact  angle  measurements  with respect  to  two  distinct  film compositions (3  at.% Fe  vs  75–85 at.%  Fe)

and  three  different  pore  diameters (namely, 200 nm,  350 nm  and 500 nm).  Water contact  angles  are mea-

sured  to  be  in the range of  approximately  109.0–155.1◦ (without any  post-surface  functionalization)  and  a

low  contact angle hysteresis  is  observed  in the superhydrophobic  samples.  The  increase  in  the  hydropho-

bic  character  of  the films  correlates  well  with an  increase  in surface  roughness, whereas  differences  in

composition  play  a  minor  role.  For the superhydrophobic  Fe-rich macroporous film,  water–oil  separation

capability  and recyclability  are also demonstrated while  the  pore  size  is favorable for effective water–oil

mixture  and emulsion  separation.  The  results  shown here demonstrate that sustainable  and  affordable

materials  processed  in a  simple  and  cheap  manner  can be an  asset  for the removal  of water-immiscible

organic  compounds  from aqueous  environments.

©  2018  Elsevier  Ltd.  All rights  reserved.

1. Introduction

Wetting phenomena observed in nature such as  the water-

repellent, non-adhesive surface of lotus leaves have attracted much

attention due to the wide array of potential biomimetic technolog-

ical applications in self-cleaning and anti-corrosion surfaces [1].

The anti-wetting behavior of lotus leaves is based on roughness

promoted by micro- and nanoscale hierarchical surface character-

istics along with the  hydrophobic properties of the surface wax.

In addition, their non-sticky surface allows for  the contaminants

to be easily carried away by water droplets and, thus, involves

a self-cleaning effect [2]. Furthermore, materials with switch-

able or antithetical wetting affinities, i.e. hydrophobic/oleophilic

or  hydrophilic/oleophobic can be  utilized in oil–water separation

applications such as tackling the  environmental pollution caused by
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frequent oil spill accidents [3–5]. Methods that have been routinely

employed in handling oil  spill accidents such as booms and skim-

mers, dispersants, in situ burning and bioremediation are generally

costly, inefficient and often result in secondary pollution which

can be  devastating to aquatic life as well as to other organisms

[6–9]. Therefore, the  development of  inexpensive, sustainable and

reusable materials that can separate the water and oil phases in

an efficient way  and even retrieve precious oil resources has gar-

nered significant research attention in recent years. These materials

function either through filtration (e.g. metallic meshes, textiles and

membranes) or  absorption (e.g. particles, sponges and aerogels)

[3–5].

Fabrication of special wetting surfaces has been generally

focused on tuning the surface morphology and composition

in order to enhance the  wetting properties and improve the

separating efficiency. Functionalization of metallic meshes and

textiles generally involves dip- or spray coating with polymers

and optionally incorporating nanoparticles, hydrothermal reaction,

in situ growth of micro- and nanocrystals or  thermal oxidation to

increase roughness followed by further modification by  chemical
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Fig. 1. Schematic representation of the  work concept: (a)  PS spheres assembled on the substrate, (b) electrodeposition of Fe–Cu followed by  removal of the PS spheres, (c)

removal of oil from water using the hydrophobic and oleophilic macroporous Fe–Cu film.

treatment [3–5]. These materials are generally used in the sep-

aration of layered oil/water mixtures. In the case of emulsions,

polymeric membranes have been proposed where by configuring

the pore size to be smaller or commensurate with that of the emul-

sified droplets (typically <20 �m),  the water–oil emulsion can be

separated since oil is allowed to pass through the  pores and water

is repelled [10].

However, the inherent difficulty of in situ removal of oil from

water in the filtration scheme, in addition to the issue of poten-

tial fouling or  blockage with decreasing pore size which leads

to a decline of permeation, has signaled toward absorption as  a

more promising strategy. Highly porous materials are particularly

targeted since the high surface-area-to-volume ratio leads to an

increase of the capacity to absorb. Moreover, superhydrophobicity

ensures water repellence, thereby enhancing oil absorption. Other

desirable properties include eco-friendliness, reusability, recycla-

bility, scalability and mechanical robustness. Nevertheless, many

of the absorption materials currently described in literature can

be difficult to handle, involve a complex preparation procedure,

expensive precursors or specialized lab equipment (e.g. hydrother-

mal reaction, chemical vapor deposition, pyrolysis) and can also

rely on subsequent treatment with toxic fluorinated compounds to

reduce surface energy [3–5].

Several techniques exist for  the preparation of porous metal-

lic films such as dynamic template assisted electrodeposition [11],

electron beam lithography [12] and colloidal templating [13]. Col-

loidal templating is a facile, cost-effective method of creating

well-defined 3D porous structures by using 3D assembled colloids

as a soft mask. Colloid size and assembly are critical factors that

determine pore dimensions, wall and layer thickness and quality in

terms of defect density. Various methods of packing techniques for

monodisperse micro- and nanospheres such as vertical deposition

[14], spin-coating [15], dip-coating [16], self-assembly [17], solvent

evaporation [18], and electrophoretic deposition [19] have been

reported in literature. Among these methods, electrophoretic depo-

sition is an attractive option for achieving homogeneous coverage

and assembly in a close-packed, oriented structure.

In this work, Fe–Cu porous coatings with hierarchical roughness

and controllable pore dimensions were prepared using the  col-

loidal templating technique coupled with electrodeposition from

an environmentally-friendly electrolyte (Fig. 1a and b). Fe–Cu is

a particularly beneficial system as it consists of elements that are

very affordable, abundant and nonhazardous. Additionally, elec-

trodeposition was chosen for the  growth of the  films due to several

advantages compared to other methods. Specifically, electrode-

position involves a simple, low-cost setup, it can be operated in

ambient conditions without the requirement of high vacuum and

it enables the growth of relatively homogeneous coatings at fast

rates. It also allows the  creation of complex 3D geometries which

are often unattainable by  physical methods such as in  the  case of the

patterned multi-layer porous architecture described in this work.

The continuous Fe–Cu deposits were previously shown to exhibit a

nodular, i.e. inherently rough morphology [20]. The added porous

structure serves to further increase roughness and, therefore, the

hydrophobic behavior of the  coatings. Two distinct compositions

and  three sub-micron pore diameters were chosen in order to study

the effects on water and oil contact angle (CA). High water CAs

were achieved overall with one configuration exhibiting superhy-

drophobicity with an average water CA of 155.1◦ and a contact angle

hysteresis (CAH) of 6.7◦. The oleophilic behavior was also investi-

gated revealing very low oil  CA. Water–oil separation ability and

reusability of  the  samples over multiple trials was demonstrated as

a proof of concept (Fig. 1c). Additionally, the  small pore diameters

are advantageous with respect to their potential toward separating

both water–oil mixtures as well as emulsions while circumventing

the fouling issues associated with membranes [21]. The entire fabri-

cation process is upscalable and easy to implement in an industrial

setting. Finally, the ferromagnetic properties of the Fe-rich Fe–Cu

coatings [20] underscore the  potential for  magnetic manipulation

and recyclability.

2.  Materials and methods

2.1.  Instrumentation

Electrophoretic deposition was  implemented using a Keysight

B2902A Precision Source/Measure Unit as a voltage source and a

custom 3D-printed cell. The cell consisted of  a 1 cm ×  1 cm ×  0.6 cm

poly(methyl methacrylate) (PMMA) chamber glued to a pla-

tinized titanium sheet which served as a counter electrode.

The substrate was  fixed in place at a 0.5 cm distance from the

counter electrode via  indented slots at the back of the cham-

ber. Electrodeposition was carried out using a three-electrode

cell connected to a Metrohm/Eco Chemie Autolab PGSTAT302N

potentiostat/galvanostat. A  Pt  wire counter electrode and a double

junction Ag|AgCl (E  =  +0.210 V/SHE) reference electrode (Metrohm

AG) with a  3 M KCl inner solution and a 1 M Na2SO4 outer solu-

tion were used. Silicon/silicon dioxide (Si/SiO2) substrates with a

10 nm  Ti adhesion layer and a 90 nm Au seed layer and cut into

1 × 1.5 cm dimensions were used. The working area was measured

to be 1 ± 0.1 cm2.

2.2.  Colloidal suspension, electrolyte composition and  working

temperature

Monodisperse polystyrene (PS) sub-micron spheres in an 2.5%

w/v solids aqueous suspension were purchased in three chosen

dimensions (0.2, 0.35 and 0.5 �m) from Polysciences, Inc. to serve

as templates. To prepare the solution for  electrophoretic deposi-

tion, 0.05 mL  of the  PS sphere suspension was  mixed in 0.45 mL

of ethanol (0.25% w/v PS spheres in final solution). The elec-

trolytes (100 mL)  were prepared with Millipore Milli-Q water and

ACS Reagent grade chemicals purchased from Sigma-Aldrich. The

first solution contained 58.8 g L−1 (NH4)2Fe(SO4)2·6H2O, 1.25 g L−1

CuSO4·5H2O,  7.9 g  L−1 glycine as a complexing agent, 0.2 g L−1

sodium dodecyl sulfate as a  wetting agent and 0.46 g L−1 saccharine

as a grain refining agent. The pH was adjusted from 3.7 to 2.2 with

addition of H2SO4 and samples were deposited at a temperature

of 25 ◦C (bath A). For the second solution, glycine was  substituted

with 22.9 g L−1 of sodium gluconate as the complexing agent and
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samples were deposited from the as prepared solution with a pH

of 4.1 at a temperature of 35 ◦C (bath B). The optimal electrolyte

compositions and plating conditions were established in previous

work [20].

2.3.  Substrate preparation and fabrication procedure

The substrates were initially cleaned with acetone, followed

by isopropanol and, finally, rinsed with Milli-Q water to remove

any debris and residues. As preparation for electrophoretic

deposition they were treated with a 10 mM solution of 3-

mercapto-1-propanesulfonic acid sodium salt (MPS, 90% purity

from Sigma–Aldrich) in ethanol pre-heated to 50 ◦C for 1 h  to

increase the gold-coated substrate wettability [19]. Finally, they

were alternatively rinsed in Milli-Q water and ethanol to remove

excessive MPS  layers. After placing the substrate in the cell, the

PS sphere solution was  added, covering a 1 cm2 area [19]. A  con-

stant potential of 40 V  cm−1 in the  case of the two  smaller sphere

sizes and of 60 V cm−1 for the largest spheres was  applied with

deposition times of  1 min  and 5 min,  respectively [19]. Deposition

time was tuned to allow for multi-layer assembly while preserving

quality with regard to stability and number of defects. Following

electrophoretic deposition, the samples were promptly placed on

a hot plate and heated at 50 ◦C for 15 min  [19]. Prior to perform-

ing electrodeposition, the Fe–Cu electrolyte was  de-aerated with

argon gas. Mild stirring during deposition was applied by means

of a magnetic stirring bar (ω =  200  rpm). The galvanostatic mode

was chosen with applied current densities of −10 mA  cm−2 (bath

A) and −25 mA  cm−2 (bath B) and deposition times between 3 and

5 min  (bath A) and 15 and 50 s (bath B) depending on desired

thickness, namely targeting single or  multi-layer coverage of the

previously deposited spheres. Finally, the PS spheres were removed

by immersing the samples in chloroform for 3 h  followed by a final

rinsing in  acetone, ethanol and MQ-water.

2.4. Characterization

Sample morphology and roughness were observed using a Zeiss

MERLIN Field Emission Scanning Electron Microscope (FE-SEM)

and a MultiMode MMAFM-2 Atomic Force Microscope from Dig-

ital Instruments, Inc. The elemental composition was  determined

by Energy Dispersive X-ray Spectroscopy (EDXS) at an acceleration

voltage of 15 kV.  A Perkin Elmer Optima 4300DV Inductively Cou-

pled Plasma Optical Emission Spectrometer (ICP-OES) was  used to

measure the  mass of  deposited Fe and Cu of two samples as part

of an investigation into determining the potential loss of material

when the samples are immersed in an aqueous environment. In

preparation, two samples were placed separately in beakers con-

taining tap water for a duration of 120 h then mildly rinsed with

solvents, dried and dissolved in test tubes each containing 2 mL of

nitric acid solution. One tube was filled solely with 2 mL nitric acid

solution to be used as a reference and another with tap water ref-

erence. Finally, two test tubes were filled with 2 mL  each of the tap

water from the beakers where the samples were previously placed.

The crystallographic structure of  the deposits was studied by Graz-

ing Incidence X-ray Diffraction (GIXRD) using CuK� radiation and a

Bragg-Brentano �–2� configuration with a grazing incidence angle

of 1◦. For further elemental analysis of the surface with a particu-

lar focus on the at.% of oxygen incorporated, X-ray Photoelectron

Spectroscopy (XPS) analysis of several samples was carried out

on a PHI 5500 Multitechnique System spectrometer from Physical

Electronics, equipped with a monochromatic X-ray source placed

perpendicular to the analyzer axis and calibrated using the 3d5/2

line of Ag. A  contact angle analyzer (SmartDrop, Femtofab) was used

to determine the water and oil contact angles at room tempera-

ture. The liquids used for  the measurements were 3 �L droplets of

ultrapure water and of  motor oil, respectively. The reported values

correspond to the  average of three independent measurements at

different sample locations.

2.5.  Oil/water separation capability

The oil absorption capacity was assessed using gas

chromatography–mass spectrometry (GC–MS) using commercially

available motor oil (diesel mixture) and the analysis was based

on the  signal corresponding to diesel. Several droplets of oil with

a volume ranging between 21 and 27 �L were placed with a

micropipette in a beaker containing MQ water and a sample was

manipulated using tweezers in order to approach the oil droplets

where it could absorb and remove them from the water. The

sample was then rinsed and placed in a vial containing 5 mL  of an

internal standard (IS) solution, namely palmitic acid in hexane,

immediately after the final iteration and the process was repeated

for a second replica. The experiment was  then reiterated for  5

cycles of  removal for 2 new replicas which were sonicated for

5 min  in  hexane and left to dry after each oil collection apart from

the last round where they were placed in the vial with the  IS

solution. Finally, the  same was done for 2 more replicas for a total

of 10 cycles. All samples were then sonicated for 5 min  to ensure

complete oil separation from the  samples and homogenization in

the IS solution. To ensure that the  samples were cleaned properly

between iterations, 2 of  the replicas were removed from the vials

after sonication and placed in fresh vials with the IS solution and

were once more sonicated for a 5 min  duration.

3.  Results and discussion

3.1.  Fabrication and characterization of porous films

The fabrication of the Fe–Cu porous films was conducted in two

main steps. Firstly, the polystyrene (PS) sub-micron spheres were

assembled onto the Au coated substrate in a close-packed structure

via electrophoretic deposition based on the procedure established

by Pokki et  al. [22]. A scanning electron microscopy (SEM) micro-

graph of the  self-assembled PS sphere layers can be  seen in  Fig. 2. In

the second step, based on our previous work [20] on the study and

characterization of Fe–Cu continuous films, optimized electrolytes

and plating conditions were chosen to deposit the  Fe-rich and Cu-

rich coatings in the interstices between the spheres. Upon removal

of the spheres in the  final step, the porous network was  revealed

with the pore sizes directly corresponding to the  sphere diame-

ters. This can be observed in the SEM micrographs in Fig. 3a and b

of the Cu-rich and Fe-rich films obtained, where plating time was

Fig. 2. PS spheres of 200  nm diameter assembled onto Au substrate via elec-

trophoretic deposition.
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Fig. 3. Cu-rich porous films after removal of PS spheres of different diameters: (a) Fe3Cu97 porous films of 500  nm (top), 350 nm (middle) and 200 nm (bottom) pore diameters

and (b) Fe85Cu15 porous films of 500 nm (top) and 350 nm (middle) pore diameters and Fe75Cu25 film of 200 nm pore size (bottom).
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Table  1
Atomic percentage of Fe, Cu  ad O at  the uttermost film surface as  determined via XPS. Notice that the  correspondence between XPS (surface) and EDX (bulky) analyses is:

‘Cu-rich’ sample corresponds to ‘Fe3Cu97’ for the  three pore sizes; ‘Fe-rich’ sample corresponds to ‘Fe85Cu15’ for the 500 nm and 350 nm pore size, and to the ‘Fe75Cu25’  for

the 200 nm pore size.

At.% at  surface

Continuous 500 nm 350 nm 200 nm

Fe Cu O Fe Cu  O Fe  Cu  O Fe Cu O

Cu-rich 11.76 25.58 62.66 15.18 24.78 60.04 15.24 22.24 62.52 17.99 20.67 61.34

Fe-rich  25.64 10.89 63.46 16.12 16.98 66.91 14.57 12.17 73.26 15.89 14.94 69.17

Fig. 4. XRD diffractogram obtained from a Fe85Cu15 macroporous film.

calculated to cover multiple layers of spheres, thus resulting in a

porous structure of two or  more layers. Also, the pores are not ran-

domly distributed but the  occurrence of ordered or pseudo-ordered

domains of ∼1 �m2 in size  is apparent for  some of  the films.

Since wettability is a surface phenomenon, it was  deemed nec-

essary to further investigate the  surface elemental composition of

the films obtained. In Table 1, the at.% of Fe, Cu and O  for all deposits,

determined by X-ray photoelectron spectroscopy (XPS), are listed.

It can be easily seen that the at.%  of oxygen is consistently higher

than 60 at.% indicating the  presence of mainly Fe and Cu oxides

at the surface which comes into contact with the  water and oil

droplets. Beneath this nanometer-thick passivation layer, the films

are entirely metallic.

Finally,  for phase identification purposes, XRD analysis was

performed on a number of Fe-rich samples. A  representative

diffractogram of a 350 nm pore size sample is shown in Fig. 4. The

Miller indices have also been included. Remarkably, in contrast to

the Fe-rich continuous films with similar composition and a thick-

ness of several microns which were found to be phase separated

Table 2
Average water contact angles of Cu-rich and Fe-rich continuous and patterned films.

Composition Water contact angle

Continuous 500 nm 350 nm 200 nm

Cu-rich 109.0◦ 136.2◦ 134.9◦ 146.0◦

Fe-rich 135.8◦ 155.1◦ 145.2◦ 145.2◦

[20], the  macroporous Fe85Cu15 films are shown to be single phase.

This can be explained by the confined growth of the material at

the sub-micron interstices between the PS spheres. It  has been also

observed for other systems like Cu–Ni that when the void size is suf-

ficiently small, phase separation can be  eventually suppressed [23].

Naturally, the oxide layer of a few nanometers found at the surface

does not influence the  XRD results as it is negligible compared to

the overall interaction volume. The Cu-rich films were expectedly

single phase as the amount of Fe (3 at.%) is well below the solubility

limit of the face-centered cubic (fcc)-Cu phase.

3.2. Water wettability assessment

The wetting behavior of the  samples was  assessed using the ses-

sile drop method to determine the  static CA. In  general, all  samples

were found to be hydrophobic with CAs exceeding 134◦ for the

Cu-rich and 145◦ for the Fe-rich porous coatings. In  comparison,

the Cu-rich and Fe-rich continuous films of similar composition

electrodeposited under the same conditions as their porous coun-

terparts had significantly lower water CA. Their morphology can be

observed in the  SEM micrographs in Fig. 5.

In Table 2, the  average value of the  water CA for each sample

can be viewed. Higher Fe content in the macroporous films was

typically associated with an increase of  roughness seen by the nano-

size features along the  pore walls and this is likely the reason for

the enhanced hydrophobicity. Indeed, this is in agreement with

previous studies showing that with an increase of roughness and

even more so in the case of introducing hierarchical roughness, the

hydrophobicity of the material is augmented [24–28]. Notably, the

Fe-rich samples of 500 nm pore size were found to exhibit superhy-

drophobic behavior, as seen in Fig. 6a, with water CAs consistently

Fig. 5. SEM images of Fe3Cu97 (left) and Fe85Cu15 (right) continuous film morphology.
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Fig. 6. Image taken during drop placement on  the surface of: (a) an Fe-rich superhydrophobic sample with 500 nm pores, (b) an Fe-rich hydrophobic sample with 350 nm

pores,  (c) a Cu-rich continuous hydrophobic sample, and (d) a Cu-rich hydrophobic sample with 200 nm pores.

above 150◦ for all  measurements. Importantly, the advancing and

receding angles for the superhydrophobic sample were also mea-

sured and the calculated CAH of approximately 6.7◦ indicates a

non-stick surface. Therefore, for the 500  nm  sample, transition to

the Cassie–Baxter state [29,30], with air pocket formation under-

neath the droplet, is quite evident. Curiously, the  CAH value of the

Fe-rich sample of 350 nm pore diameter, seen in Fig. 6b, was mea-

sured at a markedly higher value of 19.5◦. For the  latter case, it can

be seen that there is at  least partial wetting along the  contact line.

On the other hand, the hysteresis value for the  continuous films

was 10.7◦ for the Fe-rich and 17.3◦ for the Cu-rich, respectively

(see Fig. S1a for  the  CA image of the continuous Fe-rich film). The

Cu-rich continuous film  is in a state closer to Wenzel as depicted

in Fig. 6c [31,32]. It  is also worth mentioning that, in comparison,

the most hydrophobic Cu-rich sample was that of 200 nm  pore size

with a relatively high average CA of 146◦ and a CAH of 16.6◦. Nev-

ertheless, the droplet appears pinned on the surface, as depicted in

Fig. 6d, indicating the  presence of an intermediate state between

the regimes of Wenzel and Cassie–Baxter with strong surface adhe-

sion [33].

At  this point, it was essential to further study the  topography and

estimate the roughness of the Fe-rich macroporous samples that

displayed higher CAs overall and to compare them to the continu-

ous case. With this consideration, atomic force microscopy (AFM)

images were acquired for selected samples as seen in Fig. 7. It  can

be seen that the porous morphology is quite well defined in the

images. Moreover, the  corresponding root mean square (RMS) val-

ues of the height irregularities from an area of 5 �m ×  5 �m were

calculated at approximately 221.0 nm for the 500 nm pore sample,

140.5 nm for the 350 nm pore sample and 49.2 nm for the  contin-

uous film. This finding further supports the connection between

increased roughness and higher CA. Finally, it is worth mentioning

that the hydrophobic/superhydrophobic properties of the coat-

ings are achieved without any post-surface functionalization of the

electrodeposited layers, in contrast with other works dealing with

porous Fe-based alloy [34] or  Cu films [35]. Even functionalized

electrodeposited magnetite (Fe3O4) films exhibit much lower CA

values [36].

3.3.  Oleophilicity and oil droplet collection performance

Oil wettability was investigated for all  samples using commer-

cial car diesel oil as a model. A  very oleophilic behavior with

initial CAs between 13.0◦ and 18.9◦ and gradually decreasing was

observed (see video V1 in the Supporting Information correspond-

ing to a Cu-rich film of 200 nm  pore diameter). A notable exception

was the initial oil CA for  Cu continuous films which was recorded

at approximately 24.6◦.  The Fe continuous films also demonstrated

the third highest oil CA of 18.8◦ which was  very similar to that

of the Cu-rich patterned films of 200 nm  pore size measured at

18.9◦ (representative images of different samples during oil droplet

placement are shown in Fig. S1b–d of the Supporting Information).

Next, the water/oil separation ability was  assessed as  a  proof of

concept using Fe-rich superhydrophobic samples due to their supe-

rior water repellent properties which would also allow for higher

oil absorption. The samples were shown to have removed approx-

imately 62% of the  total oil added on average, as determined by

gas chromatography–mass spectrometry analyses (see Section 2).

Some losses were inevitably caused by  the apparent tendency of

the oil to adhere on the  glass beaker which was used to hold the

water/oil mixture and specifically along the  contact line with the

surface of the water. After 5 cycles of oil  removal, a 45% of oil absorp-

tion was attained. Lastly, post 10 cycles the absorption seemed to

hold at about 42%. Still images of a video recorded during a collec-

tion process can be seen in Fig. 8 (see video V2 in the  Supporting

Information). In this case, the  oil was  mixed with graphite powder

for improved contrast in the recording. Finally, the chemical stabil-

ity of the films was tested by immersing them in tap water for 120 h
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Fig. 7. AFM images of a Fe85Cu15 macroporous film  of (a)  350 nm and (b) 500  nm

pore  size, and of (c) a continuous film of the same composition.

and using inductively coupled plasma optical emission spectrom-

etry (ICP-OES) measurements to detect any material losses due to

eventual corrosion. The result of these tests indicated that there

was no Fe or  Cu amount dissolved in the water after the 120-h

period when compared to the reference sample as can be verified

in Table T1 of the  Supporting Information.

Fig. 8. From  (a) to (c) still  images taken from a recording of the oil droplet removal

process.

4.  Conclusion

Porous Fe–Cu coatings of Fe-rich (75–85 at.% Fe) and Cu-rich

(3 at.% Fe) compositions and tunable pore size were prepared

through a simple technique of combining electrodeposition and

colloidal lithography.

Water/oil wettability measurements demonstrated the strongly

hydrophobic/oleophilic nature of the  deposits which was enhanced

by the  hierarchical roughness resulting from the patterned

microstructure. Superhydrophobicity with a CA hysteresis of 6.7◦

was achieved for  one configuration. Fe-rich deposits typically

exhibited higher CAs than their Cu-rich counterparts, with one

prominent exception, though this was  also accompanied by  a

higher roughness observed in the  pore walls of the former. This

indicates that surface morphology may  play a more significant role

in the wetting characteristics of the  coatings than elemental com-

position. Finally, an oil absorption capacity exceeding 60% on the
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first trial which is maintained at  more than 40% after multiple

removal cycles was documented.
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Figure S1. Image taken during water drop placement on the surface of: a) an Fe-rich 

continuous hydrophobic sample and during oil drop placement on the surface of: b) an 

Fe-rich continuous oleophilic sample, c) a Cu-rich continuous oleophilic sample, and 

d) an Fe-rich oleophilic sample with 500 nm pores. 
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Table T1. Mass Concentration of Fe and Cu in the specified liquid media as measured 

by ICP-OES. 

 

Sample Measured 

Mass Concentration 

Fe (mg/L) Cu (mg/L) 

Water blank 
 

<0.1 0.62 

Nitric acid solution blank 
 

<0.1 <0.1 

Water where sample A was placed 
 

<0.1 0.31 

Nitric acid solution containing dissolved sample A 
 

2.0 23 

Water where sample B was placed 
 

<0.1 0.34 

Nitric acid solution containing dissolved sample B 
 

2.4 23 
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3.3. Coercivity modulation in Fe–Cu pseudo-ordered porous thin films 

controlled by an applied voltage: a sustainable, energy-efficient 

approach to magneto-electrically driven materials 

The control of magnetism through voltage application has garnered much research 

interest due to the vast array of prospective applications such as in magnetic storage 

devices and spintronics. More specifically, the modulation of coercivity (Hc) using 

electric fields is an appealing way towards minimizing power dissipation during 

magnetic actuation. In order to switch magnetization, a magnetic field larger than the 

Hc needs to be applied. Such magnetic fields are generated using electric currents 

which cause power dissipation through Joule heating. The utilization of DC voltages 

(with no associated flowing currents as, for example, in a condenser) in order to 

reduce the Hc can dramatically augment the energy efficiency of magnetically driven 

devices. Unfortunately, in metallic alloys, electric fields are dampened due to the 

confinement of charges at the very outer surface of the alloy, a phenomenon known 

as the electric-field screening effect. For this reason, voltage-driven modulation of 

coercivity was initially only observed in ultra-thin magnetic alloys and the maximum 

reduction of coercivity was only 4.5%. Observation of this effect in thicker films was 

recently achieved in our laboratory in nanoporous CuNi alloys produced by micelle-

assisted electrodeposition, a complex and sensitive method. In this case, the 

nanoporosity of the material allowed to overcome the ultra-thin film requirement. 

In this direction, hierarchically porous Fe–Cu films were fabricated by a two-step 

approach combining electroplating with colloidal lithography. Patterned pores in the 

range of 200 nm to 500 nm were created by simply varying the diameter of the 

colloidal templates. Ionic liquid gating was used to substantially boost the electric field 

through the formation of the electrical double layer. The dual porosity of up to 65% 

achieved by the patterned, pseudo-ordered macro-pores coupled with the inherent 

nanoporosity of the material along the ultrathin pore walls, resulted in a high surface-

to-volume ratio and enabled a 25% voltage-driven coercivity reduction and good 

cyclability despite a film thickness of hundreds of nanometers. 
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X-ray photoemission spectroscopy and grazing incidence diffraction revealed no 

changes to the iron species while there was partial oxidation/reduction of the Cu 

species upon application of positive/negative bias, respectively. Careful analysis 

revealed that the observed magnetoelectric effects cannot be ascribed to redox 

reactions but are rather mainly attributed to carrier accumulation and dissipation.   
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screening length of metals, which was 
previously thought to be a limiting factor 
for the electric field effect,[2] the magnetic 
properties of ferromagnetic films, such 
as saturation magnetization, coercivity, 
magnetoresistance, and magnetic ani-
sotropy have been successfully manipu-
lated using electrical methods including 
voltage control.[3–12] In particular, the 
reduction of coercivity using electric fields 
is an appealing approach for minimizing 
power dissipation during magnetic actua-
tion. More specifically, in order to switch 
the magnetization, a magnetic field larger 
than the coercivity needs to be externally 
applied. Electric currents are needed to 
generate such magnetic fields (or to switch 
magnetization by spin-torque effect). 
Since flowing electric currents are asso-
ciated with Joule heating power dissipa-
tion, a reduction of the coercivity with DC 
voltages can drastically boost the energy 

efficiency in magnetically actuated devices. Voltage control of 
magnetism can be achieved through several mechanisms. These 
can be divided in five categories: (i) carrier accumulation, (ii) 
strain, (iii) exchange coupling, (iv) orbital reconstruction, and 
(v) electrochemical effect.[1] The possible coupling between dif-
ferent magnetoelectric effects when the film thickness is in the 

Fe–Cu films with pseudo-ordered, hierarchical porosity are prepared by a simple, 
two-step procedure that combines colloidal templating (using sub-micrometer- 
sized polystyrene spheres) with electrodeposition. The porosity degree of 
these films, estimated by ellipsometry measurements, is as high as 65%.  
The resulting magnetic properties can be controlled at room temperature 
using an applied electric field generated through an electric double layer in an 
anhydrous electrolyte. This material shows a remarkable 25% voltage-driven 
coercivity reduction upon application of negative voltages, with excellent 
reversibility when a positive voltage is applied, and a short recovery time. 
The pronounced reduction of coercivity is mainly ascribed to electrostatic 
charge accumulation at the surface of the porous alloy, which occurs over a 
large fraction of the electrodeposited material due to its high surface-area-to-
volume ratio. The emergence of a hierarchical porosity is found to be crucial 
because it promotes the infiltration of the electrolyte into the structure of the 
film. The observed effects make this material a promising candidate to boost 
energy efficiency in magnetoelectrically actuated devices.

Magnetoelectric Actuation

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and  
reproduction in any medium, provided the original work is properly cited.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/advs.201800499.

1. Introduction

The potential toward voltage manipulation of magnetism is 
currently a research topic of tremendous interest due to its 
numerous prospective applications in areas such as magnetic 
data storage or spin-based electronics.[1] Despite the short 

Adv. Sci. 2018, 5, 1800499
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range of several nanometers and the determination of the dom-
inant factor are crucial issues requiring further investigation.[1]

In the case of ferromagnetic metals, carrier accumulation 
and relaxation is often driving the change in magnetism.[13,14] 
In bulk metals, the strong screening effect prevents penetra-
tion of the electric field throughout the entire metal. However, 
in the case of ultrathin metallic films with a high surface-to-
volume ratio, a large electric field can be used to control car-
rier density, and thus magnetism. The use of liquid electrolytes 
has been shown to promote a large electric field owing to the 
very small thickness of the electric double layer (EDL) (typically  
<1 nm), which enables adjustment of the magnetic properties to 
a considerable extent.[2] However, the need to use ultrathin mag-
netic layers is hampering the development of practical devices 
based on these effects. Previously, with respect to thicker films, 
this phenomenon had only been achieved when mediated by 
ion migration (magnetoionics)[11] or by producing nanoporous 
alloys through highly sensitive and complex means such as 
micelle-assisted electrodeposition in order to bypass the require-
ment of an ultrathin film.[3] For this reason, a high surface area 
obtained by porosity was deemed a critical factor in attaining the 
desired magnetoelectric effect in films with a thickness of hun-
dreds of nanometers. Porous metallic materials have been pre-
pared in literature through the use of hydrogen bubble dynamic 
template,[15,16] block copolymers,[17–19] surfactant micelles,[20] 
and hard templates.[21,22] Among these, colloidal templating is 
a particularly advantageous method since it entails a swift and 
straightforward approach which, in conjunction with the elec-
trodeposition technique, allows for the creation of a multilay-
ered 3D architecture with controllable pore size. Moreover, the 
close packing of the colloidal spheres is conducive to the devel-
opment of exceptionally thin pore walls.

In this work, hierarchically porous thin Fe–Cu films have 
been prepared by electrodeposition through colloidal templates 

onto metallized substrates. Three macropore sizes (in the 
200–500 nm range) were achieved through the selection of 
distinct colloidal sphere diameters. The close packing of the 
spheres, which was achieved by electrophoretic deposition, ena-
bled the formation of ultrathin pore walls, which were found to 
exhibit an additional inherent nanoporosity according to ellip-
sometry measurements, thereby rendering a truly hierarchically 
porous alloy structure. The macropores are dispersed forming 
ordered or pseudo-ordered areas of ≈1 μm2. Importantly, the 
dual porosity leads to a high surface-to-volume ratio, which 
combined with the ultrathin pore walls, yields an excellent 
material for carrier density modulation[2] despite an overall film 
thickness of hundreds of nanometers. In fact, reversible coer-
civity (Hc) reduction in the range of 21.6–25.3% was observed 
in all cases. Morphological, chemical, and structural analyses 
were carried out to correlate the structure–morphology with the 
underlying mechanisms of the voltage control of magnetism.

2. Results and Discussion

2.1. Sample Morphology and Porosity Assessment

Schematic drawings of the colloidal templating process are given 
in Figure 1a,b. Representative field emission scanning electron 
microscope (FESEM) images of the porous Fe–Cu films obtained 
after removal of the polystyrene (PS) spheres are shown in 
Figure 1c,d. In this case, a monolayer assembly of PS spheres 
was targeted. It can be clearly observed that the pore walls are 
extremely narrow and, in some locations, they are even below 
10 nm. In addition, transmission electron microscopy (TEM) 
imaging performed on a multilayer sample reveals that the 
pore walls are, in turn, porous (as shown in Figure 2). We can, 
therefore, consider that the pore walls are equivalent to ultrathin 

Adv. Sci. 2018, 5, 1800499

Figure 1. Schematic drawings of a) the assembly of PS spheres onto the metallized Si substrate and b) the electrodeposited Fe–Cu film after removal 
of the nanospheres. FESEM images of resulting Fe–Cu films of c) 500 and d) 200 nm pore size.
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films for the purpose of assessing eventual voltage-driven mag-
netoelectric effects. Also, it should be noted that, while the films 
were electroplated under the same conditions, the composition 
for the 500 and 350 nm pore dimensions was ≈85 at% Fe while 
for the smallest sphere size of 200 nm the atomic percentage of 
Fe fell to 75 at%. This is on account of the formation of expect-
edly narrower interstices during packing of the smallest 200 nm 
diameter PS spheres. Since deposition of Cu is mass trans-
port controlled,[23] Cu cations can probably infiltrate the spaces 
between the spheres in a more facile manner, thus resulting in 
compositions slightly more depleted in Fe. Another reason could 
be that the potential inside the spaces was positively shifting from 
the overpotential for Fe reduction as the cavity size decreased.

To evaluate the average degree of porosity inherent in the 
material, we first carried out spectroscopic ellipsometry on 
the reference electroplated (continuous, i.e., unpatterned and 
multilayer samples of three macropore sizes) and sputtered 
samples of similar composition. The optical properties for the 
sputtered sample are shown in Figure 3a. The refractive index 

Adv. Sci. 2018, 5, 1800499

Figure 2. Transmission electron microscopy (TEM) images of a cross 
section of a porous Fe–Cu electrodeposited film (obtained using colloidal 
templating with spheres of 350 nm), revealing that the walls of the pores 
are not fully dense.

Figure 3. Results from ellipsometry measurements related to a) optical 
properties derived from sputtered sample (compact reference), b) volume 
of air contained in electroplated continuous film compared to porous 
samples when modeling the films as two sublayers with different void 
content, and (c) reflectivity of porous deposits at an incident angle of 30°.
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of this sample was then used as a reference to model the data 
for the electroplated samples and infer the average air content 
by taking the effective medium approximation of the optical 
properties via the Bruggeman model.[24] For the electroplated 
samples, two clear observations could be made. First, all elec-
troplated samples, including the continuous case, exhibit a 
lower density compared to the sputtered sample, as the models 
contain large amounts of air (i.e., voids). Since the crystal-
line structure is the same, the lower density is here ascribed 
mainly to some degree of nanoscale porosity. The electroplated 
continuous film contained about a 33% volume fraction of air 
compared to the sputtered reference sample. This result from 
ellipsometry can be further supported by high magnification 
FESEM images (not shown) which reveal the existence of dis-
perse nanopores. In comparison, the use of colloidal templating 
increased the porosity value to around 65%. This is compatible 
with a hierarchical distribution of pores.

The second observation is that the air distribution is not 
homogeneous throughout the depth of the films, as the outer 
surface appears to be much more porous than the inner layers. 
Approximated depth profiles of air within the films are shown 
in Figure 3b for a simple description of the layer as two sub-
layers with different void fractions (see the Experimental 
Section for details). In this graph, the zero in the X-axis cor-
responds to the substrate, and the curves extend through the 
depth of the film until the total thickness is reached (where 
each horizontal line finishes abruptly), thus marking the sur-
face with air. This dual porosity results in a gradual variation of 
the index of refraction, akin to an antireflective coating, which 
results in a very low reflectivity in these materials (Figure 3c). 
The reflectivity becomes lower with increasing pore size, as the 
refractive index decreases (reducing index contrast with air) 
and scattering increases due to pore dimensions which become 
comparable to the wavelength of light.

2.2. Magnetoelectric Measurements and Coercivity Reduction

The magnetoelectric measurements were performed with sam-
ples obtained using each distinct colloidal sphere size (with a 
monolayer thickness, i.e., resulting from plating between the 
interstices of a single layer of PS spheres, to reduce the lack 
of reflectivity issues), as well as with the sputtered and elec-
troplated continuous Fe85Cu15 samples. The formation of an 
electrical double layer at the pore walls/electrolyte interface 
(as depicted in Figure 4a) caused the existence of large electric 
fields upon application of external voltages.

The protocol followed was to initially record a hysteresis 
loop at 0 V, then gradually increase the applied voltage in 
a stepwise manner up to +13 V and record the loops at each 
value of applied voltage. It was first observed that application of 
positive values of voltage does not lead to a substantial change 
in coercivity (Figure 4c). The coercivity remained the same 
even when applying voltages as high as +25 V. Subsequently, a 
waiting time of 20 min was introduced after which the sample 
was again measured at 0 V (with no appreciable changes with 
respect to the pristine as-deposited sample). Next, the voltage 
was decreased in steps until reaching –25 V. A clear coercivity 
reduction was observed for the three porous samples, with 

≈21.6, ≈23.3, and ≈25.3% decrease for the 200, 350, and 500 nm 
samples, respectively. These changes are considerably more pro-
nounced than those observed in the seminal work by Weisheit 
et al. in ultrathin (nonporous) FePt and FePd films (where the 

Adv. Sci. 2018, 5, 1800499

Figure 4. a) Schematic drawing to illustrate the formation of the electrical 
double layer at pore walls/electrolyte interface. b) Hysteresis loops cap-
tured for different values of applied voltage and c) voltage dependence 
of coercivity in the range of +13 to –25 V for the 500 nm pore sample.
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maximum decrease in Hc was only 4.5%).[2] The most pro-
nounced Hc modulation from 0 to −25 V found for the 500 nm 
pore sample is illustrated in Figure 4b,c. Figure 5 shows the 
dependence of Hc on applied voltage for the 350 and 200 nm  
sphere diameters. Importantly, the Kerr amplitude (which is 
proportional to the saturation magnetization in a first approxi-
mation) does not show variations for different voltage values. 
As expected, for the sputtered, virtually pore-free film, no Hc 
changes were observed with variation of the applied voltage. 
Finally, the electrodeposited continuous film showed only 
small fluctuations with an average coercivity value of ≈117 
which indicates that the electrolyte is interacting mainly with 
the surface but could not easily get infiltrated into the film. 
Moreover, it is apparent that the inherent nanoporosity of the 
material is not sufficient to induce any sizable magnetoelec-
tric effects in the absence of the well-defined, ultrathin pore 
walls. Therefore, the results confirm that the porous structure 
created by colloidal templating is indeed essential for the mag-
netoelectric effect as it allows for the diffusion of the electrolyte 
throughout the entire porous network and leads to extremely 
thin pore walls which are, in a sense, equivalent to ultrathin 
films.

2.3. Investigation of Crystalline Structure and Surface Elemental 
Composition during Voltage Actuation

Upon verification of the feasibility of the voltage control of mag-
netism for the hierarchically porous Fe–Cu deposits, further 
examination of their structural characteristics and surface com-
position was carried out with a special emphasis on identifying 
and tracking any eventual changes resulting from the application 
of voltage, which could contribute to the observed magnetoelec-
tric effects, besides the inherent electric charge accumulation. 
The grazing incidence X-ray diffraction (GIXRD) patterns of a 
representative multilayer sample of 350 nm macropore size in 
the as-prepared state (i.e., before any voltage manipulation) as 
well as after subjecting it to DC voltages of +13 V for 20 min and 
–15 V for 20 min, are shown in Figure 6. As can be readily dis-
cerned, there are no detectable shifts in the diffraction peaks for 
the large negative and positive voltage values (i.e., no changes 
in the cell parameter). In addition, no other peaks (e.g., stem-
ming from oxidation or a phase transition) were visible either. 
It should be noted that all the porous films present the same 
peaks corresponding to body-centered cubic (bcc) Fe and are, 
therefore, single phase. Typically, phase separation into bcc and 
face-centered cubic (fcc) phases can occur in this range of com-
positions for electrodeposited Fe–Cu films with a thickness of 
several micrometers.[25] However, it was confirmed that this was 
not the case for continuous films of 250–300 nm thickness as 
in our case (only peaks from bcc Fe were observed, not shown). 
Additionally, in the multilayer porous films, the formation of a 
single phase is promoted by the forced growth in the narrow 
interstices between the PS spheres. It has been previously 
shown that confining electrodeposition in narrow cavities close 
to or comparable to crystallite size can suppress phase separa-
tion.[23] Thus, the GIXRD results clearly indicate that the films 
remain unaltered during the voltage application.

Subsequently, the chemical composition of the uppermost 
surface layer was examined using X-ray photoelectron spectros-
copy (XPS). This revealed the presence of mainly Fe and Cu 
oxides at the surface (i.e., a thin oxide passivation layer), which 
were not detectable by XRD as they are below the threshold 

Adv. Sci. 2018, 5, 1800499

Figure 5. Dependence of the coercivity on the applied voltage for the 
electrodeposited Fe–Cu films grown using colloidal templated substrates, 
with spheres of a) 350 and b) 200 nm.

Figure 6. X-ray diffractograms of a representative sample taken in as-
prepared condition and following negative and positive values of voltage 
applied.

81



www.advancedsciencenews.com

1800499 (6 of 8) © 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedscience.com

detection limit. As seen in Figure 7a for the sample of 350 nm  
pore size, there is no appreciable change in the oxidation state of 
Fe which presents mainly as a mixture of Fe2+ and Fe3+ oxidation 
states. Contrarily, as shown in Figure 7b there is a clear shift in 
the Cu oxidation states, where for +13 V there is an enhancement 
of the Cu2+ peak. When the negative voltage of –15 V is applied, 
the Cu2+ peak and corresponding satellites are diminished and 
the Cu0/1+ peak emerges strongly due to reduction. These struc-
tural changes seem to be mainly limited to the uppermost surface 
and, remarkably, the Fe peaks remain virtually unaltered. Addi-
tionally, it should be emphasized that a Cu enrichment of the Fe–
Cu solid solution would have resulted in a reduction in saturation 
magnetization, and in eventual shifts in the XRD peaks, which 
is shown not to be the case. Finally, it was previously established 
that a higher Cu content in the electrodeposited Fe–Cu films actu-
ally causes an increase in Hc rather than the reduction observed 
here for negative voltages.[25] Therefore, the structural changes 
induced by the electric field observed in this system mainly influ-
ence the Cu species at the surface, whereas the Fe species con-
trolling the magnetic behavior remain unaltered. Consequently, 
redox effects cannot be advocated to explain the voltage-induced 
coercivity changes, which should then be mainly attributed to 
the carrier accumulation magnetoelectric effect. Indeed, iron has 
four unpaired 3d electrons with a high density of states near the 

Fermi level due to the narrow 3d band. These electrons function 
as the free charge carriers of the surface which govern the mag-
netic properties. The application of a high voltage alters the sur-
face charge and can thereby modify the magnetic behavior, as has 
been demonstrated by ab initio calculations.[26] The fluctuation in 
the number of 3d electrons has a direct influence on the magne-
tocrystalline anisotropy,[10,27] and thus on coercivity.

Finally, 5 min after removal of the voltage, a final hysteresis loop 
was recorded showing good recovery of the system (Figure 4c).  
The samples also showed good cyclability with alternating posi-
tive and negative voltage application. The corresponding Hc 
values during successive alternation between +21 and –21 V of 
applied voltage are summarized in Table 1. The wait time refers 
to both the time between positive and negative applied voltages 
as well as before starting the next pair of measurements.

3. Conclusions

Porous, pseudo-ordered thin metallic films consisting of non-
toxic, abundant elements and prepared using a simple, easily 
reproducible and environmentally friendly process have been 
fabricated. The magnetic properties can be controlled by voltage 
application in a facile manner at ambient conditions leading to a 
reversible coercivity reduction of around 25%. According to the 
analysis of the film properties in the as-fabricated state as well as 
after voltage application the phenomenon can be mainly ascribed 
to carrier accumulation/dissipation. In view of these properties, 
the films are good candidates for voltage control magnetic appli-
cations aimed at minimization of power consumption.

4. Experimental Section
Sample Preparation, Hard-Templating Procedure, and Electrodeposition 

of Porous Fe–Cu Films: Silicon/silicon dioxide (Si/SiO2) substrates with 
a 10 nm Ti adhesion layer and a 90 nm Au seed layer and cut into 
1 × 1.5 cm2 dimensions were used with a working area of 1 ± 0.1 cm2. 
Prior to use, the substrates were cleaned consecutively with acetone, 
isopropanol, and Milli-Q water. As a preparation for electrophoretic 
deposition, they were treated with a 10 × 10−3 M solution of 3-mercapto-
1-propanesulfonic acid sodium salt (MPS) in ethanol at 50 °C for 1 h to 
increase the wettability of the surface.[28] Finally, they were alternatingly 
rinsed in Milli-Q water and ethanol to remove excessive MPS layers.

Electrophoretic deposition was implemented using a Keysight B2902A 
Precision Source/Measure Unit as a voltage source and a custom 3D-printed 
cell consisting of a 1 cm × 1 cm × 0.6 cm poly(methyl methacrylate) 
(PMMA) chamber attached to a platinized titanium sheet serving as a 
counter electrode. Monodisperse polystyrene (PS) sub-micrometer spheres 
with three different diameters (200, 350, and 500 nm) in a 2.5% w/v solid–
aqueous suspension were purchased from Polysciences, Inc.

Adv. Sci. 2018, 5, 1800499

Figure 7. XPS detail spectra of a) Fe 2p and b) Cu 2p peaks of a chosen 
sample taken at as-prepared conditions and after voltage modulation.

Table 1. Summary of results from cyclability measurements using the 
500 nm pore sample.

Wait time [min] Hc at an applied  
voltage of +21 V

Hc at an applied  
voltage of –21 V

0 – 68

2 74 72

4 74 65

6 72 69
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The final solution was prepared by mixing of the PS sphere 
suspension (0.05 mL) in ethanol (0.45 mL) and was added to the custom 
cell covering a 1 cm2 area of the substrate which was secured by slots at 
the back of the chamber at a 0.5 cm distance from the counter electrode. 
A constant potential of 40 V cm–1 in the case of the two smaller 
sphere sizes and of 60 V cm–1 for the largest spheres was applied with 
deposition times of 1 and 5 min, respectively.[28] The deposition time 
was tuned to allow for either monolayer or multilayer assemblies while 
preserving quality regarding stability and number of defects. Following 
the electrophoretic deposition, the samples were promptly placed on a 
hot plate and heated at 50 °C for 15 min to evaporate the ethanol and 
stabilize the assembled PS sphere layers.[28]

Electrodeposition was carried out using a three-electrode cell 
connected to a Metrohm/Eco Chemie Autolab PGSTAT302N 
potentiostat/galvanostat. A Pt wire served as the counter electrode and a 
double junction Ag|AgCl (E = +0.210 V/SHE) as the reference electrode. 
The electrolyte (100 mL) was prepared with Millipore Milli-Q water 
and ACS Reagent grade chemicals purchased from Sigma-Aldrich and 
contained (NH4)2Fe(SO4)2·6H2O (58.8 g L−1), CuSO4·5H2O (1.25 g L−1),  
C6H11NaO7 (22.9 g L−1), NaC12H25SO4 (0.2 g L−1), and C7H5NO3S  
(0.46 g L−1). The samples were deposited from the as-prepared solution 
with a pH of 4.1 at a temperature of 35 °C. The optimized electrolyte 
composition and plating conditions were established previously with 
unpatterned substrates.[25] Current densities of –25 mA cm–2 and 
deposition times between 15 and 50 s depending on the diameter of the 
previously deposited spheres and the desired thickness were applied. 
Finally, the PS spheres were removed by immersing the samples in 
chloroform for 3 h followed by a final rinsing in acetone, ethanol, and 
MQ-water. Unpatterned, continuous Fe–Cu films of 250–300 nm in 
thickness were prepared whenever needed and used as control samples.

Characterization Techniques: The sample morphology was imaged 
by scanning electron microscopy using a Zeiss MERLIN FESEM. 
The elemental composition was determined by energy dispersive 
X-ray spectroscopy (EDXS) at an acceleration voltage of 15 kV. The 
crystallographic structure of the deposits was studied by GIXRD using 
a Bruker-AXS, model A25 D8 Discover equipped with a LinxEye XE-T 
detector using CuKα radiation and a grazing incidence angle of 1°. 
For the surface elemental composition and oxidation state detection, 
XPS analyses were carried out on a PHI 5500 Multitechnique System 
spectrometer from Physical Electronics with a monochromatic X-ray 
source placed perpendicular to the analyzer axis and calibrated using 
the 3d5/2 line of Ag. TEM analyses were performed with a Jeol-JEM 2011 
system with a field emission gun operating at 200 kV.

Ellipsometry Measurements and Data Analysis: In order to 
quantitatively account for the porosity degree of the electrodeposited 
Fe–Cu films, these were characterized by ellipsometry. A virtually 
fully dense, sputter-deposited, Fe–Cu film of ≈100 nm thickness was 
prepared by co-sputtering using an AJA International, Inc. magnetron 
sputtering system and was taken as a reference. Fe was sputtered at 
200 W (direct current, DC) and the Cu at 20 W (radio frequency, RF) for 
20 min. Variable angle spectroscopic ellipsometry and reflectivity were 
measured using a Sopralab GES5E rotating polarizer ellipsometer with a 
focused spot size of ≈250 μm and CCD detection. At least three angles 
of incidence were measured for each sample. The angles were adjusted 
to be around the Brewster angle for each sample, which decreased with 
pore size as one would expect for a lower refractive index. The data were 
analyzed using the WinElli II software. For the sputtered sample, a two 
semi-infinite media approximation was applied for the direct inversion 
of the ellipsometric angles. The data for the electroplated samples 
were analyzed within the effective medium approximation, mixing the 
reference optical properties (those deduced for the sputtered sample) 
and void. Note that as the pore diameter increases, this approximation 
loses its validity. This was indeed observed in a worsening of the fit 
quality with increasing pore diameter, particularly for the data of the  
500 nm pore sample. It was found that fits that assumed a homogeneous 
volume fraction throughout the film did not result in acceptable fits of 
the experimental data. The standard deviation of the fit was improved by 
a factor of about 5 by modeling the sample as containing two sublayers 

with different void content, thus strongly indicating the existence of a 
gradient of composition through the depth of the film, in agreement with 
SEM cross sections. More elaborate models, including concentration 
profiles or a larger number of sublayers, were also employed to analyze 
the data but reliable fit improvements could not be obtained due to the 
relatively large experimental uncertainty related to the large pore size.

Magnetoelectric Measurements: In-plane hysteresis loops were 
recorded using a magneto-optical Kerr effect (MOKE) setup from 
Durham Magneto-Optics while applying different values of DC voltage 
at ambient conditions using the Keysight B2902A unit as a source. The 
sample was mounted vertically on a custom 3D-printed PMMA base 
and placed in a quartz SUPRASIL cell filled with anhydrous propylene 
carbonate containing Na+ ions.[3] The sodium cations served a dual 
function of reacting with any water entering the system to form NaOH as 
well as to enhance the electrical double layer owing to the presence of the 
dissolved Na+ and OH– ions.[3] The anhydrous nature of the electrolyte 
minimized oxidation of the Fe–Cu during the measurements. After each 
change of the value of applied voltage, a waiting period of 300 s was 
introduced before recording the hysteresis loop to allow the electrolyte to 
enter the pore network and the electrical double layer to form.[3]
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                  4 

Electrodeposited compositionally graded micron- 

and submicron-scale magnetic structures, tubes 

and rods patterned via hard templating and 

lithographic techniques 

In the interest of maintaining consistency throughout the thesis, this chapter is 

structured as a research article. 

Abstract 

In this work, micron- and submicron-scale Fe–Cu structures were electrodeposited 

onto pre-patterned gold-coated substrates forming nine 100 μm x 100 μm arrays of 

three selected geometries (cylindrical, rectangular and cruciform), each featuring 

three different sizes. These Cu-rich structures were found to exhibit a gradient in 

composition by along their thickness with copper enrichment at the uppermost 

surface. Confined growth in the restricted cavities resulted in a nanoscale grain size 

leading to well-defined sharp edges. Magnetic force microscopy revealed virtually no 

contrast at zero field, suggesting magnetic curling effects (instead of coherent 

rotation) during magnetization reversal. Subsequently, Fe-rich rods and tubes of 

various diameters, ranging from 200 nm to 2 μm, were electrodeposited into track-

etched polycarbonate membranes using baths with and without a nonionic surfactant. 

A compositional gradient, which occurred as an intrinsic characteristic of the 
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preparation technique as well as through deliberate alteration of the overpotential of 

deposition for the creation of distinct Cu-rich and Fe-rich segments, was observed 

through energy-dispersive X-ray spectroscopy (EDX) mapping. The 2 μm microtubes 

show photocatalytically driven propulsion while the ferromagnetic properties of the 

rods and tubes can be exploited in magnetically-driven devices.  

4.1. Introduction 

Since the discovery of giant magnetoresistance (GMR) and its implementation in 

magnetic field sensors,1 the field of nanomagnetism has experienced rapid 

developments in the last decades given the novel properties that have been 

discovered in the field of spintronics with major implications for data processing and 

storage2,3 as well as the highly promising and fascinating functionalities of flexible 

electronics.4 The growing trend towards miniaturization faces challenges related to 

spin wave guidance5 and the superparamagnetic limit which need to be addressed in 

a holistic approach that combines several traditional disciplines under the umbrella of 

nanomagnetism.6 The vast majority of existing studies have focused on two-

dimensional nanomagnetism where single- or multi-layer films and structures are 

confined to a thickness that leads to monodomain magnetic states in the vertical 

direction and interesting functionalities are achieved by capitalizing on interfacial 

effects. Nevertheless, new fabrication and characterization techniques enable the 

expansion of nanomagnetism into three dimensions where unconventional spin 

textures bring about remarkable new phenomena involving geometry, topology and 

chirality. Indeed, patterned 3D nanostructures can revolutionize sensing technology, 

ultrahigh density magnetic recording and the Internet-of-Things (IoT) while 3D nano-

and micro-scale magnetically actuated motors are essential for mechano-biology 

applications. 7 

From a synthesis point of view, electrodeposition is widely used due to its conformal 

coverage, control of grain size and crystallinity and fast growth rates. When combined 

with ultra-high-resolution electron-beam lithography, well-defined nano-motifs can 

be created. The height of the submicron motifs produced by physical vapor deposition 

(PVD) approaches is typically below 50 nm8,9 and in order to reach an approximate 
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thickness of 200 nm several successive time-consuming steps including sputter 

etching can be invlolved.10 Contrarily, it is easily possible to achieve a high aspect ratio 

with electroplating. Nevertheless, existing literature on electrodeposited 3D 

structures has thus far been focused on arrays of nanowires.11-13 Nanowires can be 

realized by thin film patterning using nanolithographic techniques such as ion- and 

electron-beam lithography or nanoimprint. A limitation of these methods is that the 

nanowires are oriented parallel to the substrate (horizontal) whereas by 

electrodeposition one can easily prepare vertical nanowires. Another downside is that 

the composition is uniform along the nanowire axis. Compositionally graded 

nanowires have been prepared by spatial gradient of source materials and control of 

local substrate temperature in chemical vapor deposition.14,15 A more elegant, 

straightforward and fast approach involves growth of dense nanowire arrays in 

templates, such as anodic aluminum oxide (AAO), polycarbonate (PC) track etched 

membranes or diblock copolymers by electrochemical methods at ambient 

temperature and pressure (unlike vacuum deposition methods).16,17 

Herein compositionally graded micron and submicron Fe–Cu structures organized in 

nine 100 μm x 100 μm arrays of three select shapes (disks, stripes and crosses) and of 

three sizes each have been prepared by electrodeposition onto e-beam lithographed 

substrates from an aqueous sulfate-based electrolyte with saccharin added as a grain 

refiner.18 Morphological and structural information was obtained by scanning electron 

microscopy (SEM), atomic force microscopy (AFM) and transmission electron 

microscopy (TEM). The structures were very well-resolved and relatively smooth with 

a thickness ranging between 200-300 nm while plating time was as low as 3.5 s, i.e. 

much faster than reported by PVD techniques. The lithography process was also 

optimized in order to reduce writing time to less than 1 h. Overall composition was 

initially assessed by EDX/TEM while local elemental maps were obtained by EDX/TEM 

and electron energy loss spectroscopy (EELS). Magnetic properties were investigated 

using magnetic force microscopy (MFM) as well as using a vibrating sample 

magnetometer (VSM) for large single-feature arrays of three selected geometries and 

dimensions (small- and large-sized disks and medium crosses). Measurement by 

magneto-optical Kerr effect (MOKE) was attempted but made infeasible by Cu-
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enrichment at the surface coupled by roughness which limits reflectivity since MOKE 

is a surface sensitive technique.  

Subsequently, upright nanorods of 200 nm and tubes of 400 nm diameter were 

produced from an iron-copper electrolyte by electrodeposition into PC membranes 

both with and without the use of a nonionic surfactant. The rods and tubes were 

attached to a self-supporting Cu layer, which was sputtered onto a 200 nm-thick 

gold/palladium layer sputter coated on the back of the membrane. Additionally, 

compositionally graded free-standing microtubes were electrodeposited into PC 

membranes of 1 μm and 2 μm diameter. Imaging was performed by SEM and 

elemental maps of selected samples were also obtained by SEM/EDX. Magnetic 

manipulation of the fabricated tubes and wires was readily confirmed while the 2 μm 

tubes show directional motion under visible light irradiation. 

4.2. Experimental 

4.2.1. Fabrication details 

The lithography patterns were created with a FEI Quanta 3D dual beam FEG which 

combines a Focused Ion Beam (FIB) with a high-resolution Field Emission Gun Scanning 

Electron Microscope (FEG-SEM). Silicon/silicon dioxide (Si/SiO2) substrates were used 

with a 15 nm Ti adhesion layer and an 80 nm Au seed layer, both deposited by e-beam 

evaporation. The process was controlled by the Nanometer Patterning Generation 

System (NPGS) software. The information on the dimensions and positions of the 

different structures, the sizes of the arrays and their reciprocal position on the sample 

surface were contained in a computer-aided design (CAD) file managed by the NPGS. 

The features were designed with sufficient spatial separation so as to avoid the 

proximity effect. The electron dose was 400 µC cm-2 for the smallest-sized feature 

arrays and 375 µC cm-2 for the rest. The operating voltage was 30 KeV. 

Electrodeposition was carried out in a three-electrode cell connected to a Metrohm / 

Eco Chemie Autolab PGSTAT302N potentiostat / galvanostat. A Pt wire served as the 

counter electrode and a double junction Ag|AgCl (E = +0.210V/SHE) electrode 

(Metrohm AG) with a 3M KCl inner solution and a 1M Na2SO4 outer solution was used 

as a reference.   
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4.2.2. Sample preparation and post-process treatments 

Prior to lithography, the substrates were cleaned successively with acetone, 

isopropanol and de-ionized water. The substrates were subsequently spin-coated at 

2000 rpm for 1 min with a layer of poly(methyl methacrylate) (PMMA) polymeric 

resist. This ensured that a homogenous layer of PMMA is formed on top of the 

conductive substrates. The thickness of the resist was around 300 nm, as measured 

by ellipsometry. After coating, the PMMA was heat treated for 5 min at 165 °C. Upon 

completion of the patterning procedure, the PMMA in the exposed regions was 

removed by placing the samples for 60 s in a 1:3 solution of 4-methyl-2-pentanone 

with isopropanol, followed by 20 s in isopropanol and, finally, 20 s in de-ionized water. 

Subsequent to electrodeposition, the samples were placed in acetone for 10 min to 

remove the remaining PMMA leaving behind the created structures of different 

geometries attached to the substrate. This was followed by a final rinsing in 

isopropanol and Milli-Q water.  

The TEM lamella preparation was made on a dual beam Carl Zeiss Neon 40 station 

equipped with a Schottky FE-SEM and Ga+ ion columns (CANION31, Orsay). The 

lamella originated from a section of the medium-sized cruciform structures. The 

region of interest was first covered with a thin Pt layer of approximately 200 nm using 

e-beam assisted Pt deposition. On top of the thin Pt layer, a thicker Pt layer (~500 nm) 

was added by ion-beam assisted Pt deposition. Both Pt layers are used in order to 

protect the underlying structures from ion beam damage during lamella preparation. 

After the Pt deposition, two 15 μm x 10 μm trenches on both sides of the lamella were 

made by successive coarse (30kV:10nA) and finer millings (30kV:2nA). In this way, a 

lamella with 15 μm length, 1 μm width and 8 μm depth was formed in the region of 

interest. This lamella was then lifted out using a Kleindiek micromanipulator with a 

tungsten microprobe. The tip of the probe was first attached to one side of the lamella 

by ion-beam assisted Pt deposition. The other side was cut using 30kV:500pA ion 

current. The lamella was then lifted out from the sample and then attached to a TEM 

grid also using ion-beam assisted Pt deposition. The microprobe tip was then cut by 

ion milling. The final step is polishing of the lamella up to electron transparency. Only 

a region of 5 μm width was polished in three different steps. Coarse polishing was 
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performed with 30kV:50pA ion current up to a thickness of about 120 nm. Next, fine 

polishing with a smaller ion dose (30kV:10pA) was used to achieve a thickness of about 

60 nm. The final step was a quick polishing by just imaging the region of interest with 

low energetic beam (5kV:20pA) in order to reduce the Ga induced amorphization of 

the lamella walls. The electron transparency was monitored with the conventional 

Everhart-Thornley secondary electron detector. The metal-organic precursor used for 

the Pt deposition was trimethyl(methylcyclopentadienyl)platinum(IV) (C9H16Pt). 

Lastly, in preparation for the electrodeposition of the nano-/microrods and tubes, the 

PC membranes were sonicated in Milli-Q water for 5 min. The back of the membranes 

was sputter coated prior with a 200 nm thick gold-palladium layer to create a 

conductive substrate. For the fabrication of standing rods and tubes, a thick self-

supporting layer of Cu of approximately 1 μm was added using dc magnetron 

sputtering.  After the conclusion of the plating process, the membranes were removed 

by immersing the samples in chloroform for 3 h. As a final step, the rods/tubes were 

sequentially cleaned with acetone, ethanol and Milli-Q water. 

4.2.3. Electrolytes and plating conditions 

The electrolytes were prepared with Millipore Milli-Q water and ACS Reagent grade 

chemicals purchased from Sigma-Aldrich. The solution for the patterned structures 

contained 58.8 g L-1 (NH4)2Fe(SO4)2·6H2O, 0.625 g L-1 CuSO4·5H2O, 22.9 g L-1 sodium 

gluconate, 0.2 g L-1 sodium dodecyl sulfate and 0.46 g L-1 saccharine (Solution A). The 

as prepared pH was 4.1 and the temperature was adjusted to 45 °C through use of an 

external thermostatization jacket. Electrodeposition was carried out in potentiostatic 

mode at an applied potential of -1.1 V for 3.5 s with magnetic stirring at 300 rpm. For 

the nano-/microrods and tubes fabricated by the standard electrodeposition 

approach, the same bath was used but with an increase of the Cu salt concentration 

to 1.25 g L-1 (Solution B). The operating temperature was set to 35 °C while plating 

times ranged between 2 min and 4 min and applied cathodic potentials of -1 V to -1.2 

V were applied. Finally, for the nanorods prepared using electrodeposition with a 

nonionic surfactant, 0.45 mM Triton X-100 were added to Solution B which is well 

above the room temperature critical micelle concentration of 0.22 to 0.24 mM 
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according to the manufacturer (Solution C). Plating was performed at -1 V and -1.1 V 

with an electrolyte temperature of 45 °C. 

4.2.4. Characterization 

The morphology of the patterned structures was observed using a Zeiss MERLIN Field 

Emission Scanning Electron Microscope (FE-SEM) and the elemental composition was 

determined by energy dispersive X-ray spectroscopy at an acceleration voltage of 15 

kV. Further chemical analysis at nanometer level and elemental mapping as well as 

study of crystal structure by selected area electron diffraction (SAED) was conducted 

with a FEI Tecnai G2 F20 200 kV field emission gun high resolution and analytical 

TEM/STEM. Atomic and magnetic force microscopy (AFM/MFM) were performed with 

a Bruker Multimode V Nanoscope 8 microscope operated in tapping mode and lift 

mode using a commercial cobalt alloy hard magnetic tip ( the coercive filed is ~950 Oe 

for both in-plane and perpendicular orientation ). The magnetic domain evolution was 

studied by MFM under application of an in-plane magnetic field generated by an 

electromagnet with values up to 600 Oe. For further magnetic characterization, the 

samples were placed in a vibrating sample magnetometer (VSM) from LOT-Quantum 

Design and hysteresis loops were recorded at room temperature, along the in-plane 

direction with an applied field range of -20 kOe to 20 kOe. The micro- and nano-scale 

rods and tubes were imaged with a FEI Magellan 400L XHR SEM and a Zeiss Leo 1530 

while EDX maps were obtained with the latter. 

The photocatalytic performance of the Fe–Cu microtubes in H2O2 aqueous solutions 

was investigated with an optical microscope (Olympus IX 81, Olympus Co., Japan) 

equipped with a mercury lamp (X-Cite 120, Excelitas Technologies, USA) and  different 

light emissions where obtained through the use of filter cubes: 360−370 nm (UV), 420

−440 nm (blue), 460−495 nm (cyan), 540−550 nm (green), 590−650 nm (red). 

4.3. Results and discussion 

4.3.1. Morphology of patterned structures 

While existing literature on lithographed patterns mainly focuses on the fabrication of 

cylindrical arrays,19-22 this work targets more complex geometries. The dimensions of 
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the various motifs are given in Table 4.1. As can be viewed in Figure 4.1, the 

electrodeposited Fe–Cu arrays of different shapes and dimensions are quite smooth 

and have a well-defined geometry with sharp edges in the case of the medium- and 

large-sized crosses and stripes thanks to the small grain size achieved by 

electrodeposition. This is significant considering the submicron dimensions of the 

structures and, especially, the complex geometry of the cross-shaped motifs which 

are characterized by several edges separating them into segments along their axes of 

symmetry. The average height of the structures, as determined by AFM, was 180-200 

            

Table 4.1. Detailed dimensions of the nine arrays of patterned structures. 

Geometry 
Dimensions 

Small Medium Large 

Stripes 150 nm x 450 nm 300 nm x 900 nm 450 nm x 1.35 μm 

Disks d: 200 nm d: 500 nm d: 1 μm 

Crosses 300 nm x 500 nm 600 nm x 1 μm 900 nm x 1.5 μm 

Figure 4.1. SEM micrographs of electrodeposited arrays of a) stripes, b) disks and c) crosses in 
three distinct sizes. 
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nm for the disks, 200-220 nm for the crosses and 190-210 nm for the stripes. These 

values are consistent considering that the deposition time was the same (3.5 s) for all 

structures. Interestingly, the medium-sized features were at the upper range limit for 

the height, followed closely by the small-sized motifs while the larger ones were the 

shortest and displayed more roughness due to increased deposition around the edges. 

The occurrence of donut-like structures due to an uneven distribution of the current 

density in the cavities can occur when electroplating dot arrays.23,24 In the case of the 

Fe–Cu disks, it can be easily observed from the magnified insets in Figure 4.1 that the 

structures are fully plated in the center. 

In Figure 4.2, AFM images of the large-sized structures are shown where the very small 

grain size is visible which resulted in the growth of well-resolved geometries despite 

the narrowness of the cavities especially at the corners. An inherent aberration 

connected to the interaction of the AFM tip with the structures leads to a blurring 

effect around the edges rendering an inaccurate representation of their lateral 

dimensions and spacing along the horizontal x-axis direction. This is especially true as 

feature size decreases and, consequently, the AFM image quality obtained for the 

smallest-sized structures was rather poor. Therefore, the SEM micrographs offer a 

direct representation of geometrical aspects while the AFM images act in a 

complementary manner to further investigate morphology and estimate height and 

roughness since very accurate measurements can be obtained in the z-axis direction. 

The color gradient in the images offers a representation of the roughness present at 

the surface of the structures while the color bar aids in assessing approximate height 

at different points. 

 

  

Figure 4.2. AFM images of large disks and crosses. 
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4.3.2. Chemical and structural analysis of structures 

For the deposition of the submicron structures, the optimized electrolyte and plating 

conditions previously determined for the growth of Fe-rich continuous films were 

utilized.25 The very short electrodeposition time of 3.5 s into submicron cavities and 

the use of potentiostatic mode for the structures as compared to galvanostatic for the 

films lead to a different composition than anticipated, namely 20 at% Fe and 80 at% 

Cu in average. In order to enhance Fe deposition, the Cu amount was then halved. 

Elemental analysis by SEM/EDX after this modification of the Cu salt concentration 

showed an average value of 45 at% Fe and 55 at% Cu which varied slightly for the 

different arrays. Notably, a compositional gradient can occur when depositing a 

system with low mutual solubility such as Fe–Cu into cavities of high aspect ratio, and 

thus the composition determined by SEM/EDX represents only an overall value with 

no further insights into deposit growth mechanisms. Therefore, a lamella was 

prepared from a section of the array of the intermediate-sized crosses for TEM 

characterization and the results of the STEM analysis are shown in Figure 4.3.  

In Figure 4.3a, the indexed SAED pattern collected from a spot in the middle of the 

lamella displays small spots and rings confirming the nanocrystalline nature of the 

deposited structures. The measured interplanar distances indicate phase separation 

with partial alloying. From the high-resolution TEM image in Figure 4.3b, we can 

observe the sharply defined lattice planes. In Figure 4.3c, the quantitative TEM/EDX 

chemical maps, taken vertically starting from the substrate and extending beyond the 

surface, show a rather uniform distribution of Fe with a sudden decrease at the 

uppermost section while copper gradually increases as we approach the top. This 

indicates that, contrary to one would expect considering the nobility of Cu and Fe, iron 

plates preferentially during the first stages of electrodeposition. Oxygen is more 

concentrated close to the substrate within the Fe-rich area and then, as would be 

expected, above the surface of the lamella. Since Fe is prone to bond to oxygen leading 

to the formation of iron oxides and hydroxides, the co-presence of Fe and O in regions 

close to the substrate is thus anticipated. Likewise, passivation of the structures upon 

standing in air leads to the accumulation of oxygen at the surface of the lamella. These 

trends were further confirmed by line scans, which nevertheless revealed low oxygen  
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counts evincing that the deposits are mainly metallic. The EELS compositional map 

seen in Figure 4.3d displays Fe-rich and Cu-rich areas as well as areas with a mixed 

composition where partial alloying takes place. Quantification by EELS for this area 

showed an overall 83.5 at% Fe and 16.5 at% Cu content. It is likely that the copper 

enrichment at the top of the structures had influenced earlier quantification by EDX 

since the deposits are very Fe-rich as we move towards the substrate. 

4.3.3. Magnetic characterization of the Fe–Cu motifs 

In consideration of the stoichiometries of the structures as determined by SEM/EDX 

and EELS, it should be mentioned that the value of saturation magnetization for a 

Figure 4.3. a) SAED pattern taken at an intermediate point in the sample where bcc and fcc 
correspond to Fe-rich and Cu-rich solid solutions, respectively b) HR-TEM image showing 
crystal lattice fringes, c) EDX/TEM compositional maps and d) EELS mixed elemental map. 
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Fe39Cu61 film was measured at approximately 83.7 emu g-1 and for a Fe82Cu18 film it 

was 171 emu g-1.25 Consequently, despite the relatively high overall Cu content of 

these motifs, a clear magnetic response is expected. In order to study the 

magnetization reversal of the fabricated structures, each of the nine arrays was 

exposed to an in-plane static magnetic field of 600 Oe and images were recorded by 

magnetic force microscopy. Additional images were taken at remanence. The field was 

then applied in the opposite direction and the same process was repeated. By 

comparison, when the field is removed, the images become rather featureless thus 

suggesting magnetic curling instead of coherent rotation.26,27 The MFM images taken 

at a static field show a single domain state with reverse polarity. This single domain 

behavior is in spite of the phase separation and graded composition observed by TEM. 

Representative images for the medium disks and crosses where dipolar contrast is 

evident and opposite upon field reversal are seen in Figure 4.4.  

 
Figure 4.4. MFM images taken a,e) under a static field of 600 Oe, b,f) at 
remanence after removal of the field as well as c,g) and d,h) following the 

same steps upon reversal of the field direction. 
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Finally, since the positioning of different geometries on the same substrate did not 

allow acquisition of hysteresis loops of each individual array, three substrates with 

large single-feature arrays were also prepared. Specifically, a 6x6 and a 12x12 pattern 

were created by repetition of the small- and large-sized disk array, respectively, as 

well as a 16x16 duplication of the medium cross array. In this way, two geometries as 

well as three different feature sizes could be assessed. The number of duplications for 

each pattern was selected so as to ensure an adequate signal by VSM. The hysteresis 

loops corresponding to the single feature arrays, from which the diamagnetic 

background originating from the substrate has been subtracted, are shown in Figure 

4.5. From this, it can be seen that saturation is reached at an applied field of more 

than 1000 Oe. At 600 Oe, which was the maximum achievable field by MFM, the 

structures cannot reach saturation.  This holds especially true for the large-sized 

features. Meanwhile, the measured coercivities were approximately 81 Oe, 114 Oe 

and 174 Oe for the large disks, small disks and medium crosses, respectively. 

 

Figure 4.5. Hysteresis loops obtained by VSM for the large single-feature arrays of the a) 
large disks, b) small disks and c) medium-sized crosses. 
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4.3.4. Chemical and morphological analysis of electroplated nano/microrods 

and tubes 

Following preparation and investigation of the submicron motifs grown by 

electrodeposition into lithographed patterns of different geometries, attempts were 

made to fabricate dense arrays of nano- and micron-scale rods and tubes by 

electrodeposition into PC membranes either free-standing or attached to a self-

sustaining Cu layer. In a first step, an array of standing nanorods 200 nm (Figure 4.6a) 

and 400 nm in diameter was produced from a Triton X-100 containing electrolyte with 

the aim to induce nanoporosity.28,29 The electrolyte was initially tested by depositing 

Fe—Cu films potentiostatically at -1.1 V and -1.2 for 120 s onto Au coated Si/SiO2 

substrates from Solution C. The resulting nanoporous morphology of a Fe79Cu21 film 

deposited at -1.1 V can be seen in Figure 4.6b. The established plating conditions were 

applied towards the growth of nanorods with reduction of the applied potential to -1 

Figure 4.6. SEM micrographs of a) standing Fe69Cu31 rods in tilted view with a magnified 
inset nanorod image and b) Fe79Cu21 film produced from the Triton X-100 containing 

electrolyte as well as a c) top view of standing 400 nm Fe57Cu43 rods and a d) magnified 
image of the Fe57Cu43 rods at a site containing several detached from the substrate.  
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V to slightly enhance Cu content. Indeed, the overall composition of the rods as 

detected by EDX/SEM was Fe69Cu31 and they are also revealed to be smooth and 

nanograined though the occurrence of nanoporosity was not as evident as for the 

continuous films. 

When plating was performed without the use of nonionic surfactants, i.e. from 

Solution B, smooth rods with sporadic tubes were typically grown (Figures 4.6c and d). 

In this case, the rods were plated at -1.2 V resulting in a Fe57Cu43 composition. 

Interestingly, despite the more negative overpotential, the Fe content was lower than 

in the Triton X-100 containing bath. This is also contrary to the fact that plating at 

lower temperature in this bath (i.e. at 35 °C as compared to 45 °C) tends to enhance 

Fe content.25 This, in turn, suggests that the effect of Triton X-100 surfactant 

dominates over the change in the applied potential and temperature. 

The diameter of the standing rods was kept small in consideration of potential 

applications in spintronics. An in-plane hysteresis loop recorded for the Fe69Cu31 

standing rods with a coercive field of about 223 Oe is shown in Figure 4.7. 

Figure 4.7. Hysteresis loop of Fe69Cu31 standing rods produced by nonionic surfactant-
assisted deposition. 
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Next, detached micron-scale tubes of 1 μm and 2 μm were also produced. An example 

of various microtubes of 2 μm diameter is shown in Figure 4.8. The formation of tubes 

instead of rods can be attributed to the large diameter where the sputtered Au layer 

on the back of the membrane is non-uniform and enters the pores during sputtering 

attaching to their interior.30 Electrodeposition will then begin at those sites rendering 

tubes instead of rods. It can be seen in Figure 4.8b that slightly overplating the tubes 

results in a mushroom-like cap formation. As verified by EDX/SEM line scans and maps, 

a graded composition existed along the tube axis with a consistently high Cu content 

at the end of the tubes. It is conjectured that this occurred due to closer proximity to 

the surface of the membrane during deposition.  

Although the compositional gradient was inherent to the process, intentional 

modulation of the applied potential during deposition led to segments with even 

greater compositional difference. This is shown in Figure 4.9, where a potential of -1.2 

V was applied for 60 s followed by 180 s at -1 V, thus constructing an Fe-rich and a 

shorter Cu-rich segment. Plating time can be configured to target different segment 

lengths. While the overall composition of the tubes was Fe73Cu27, a Fe21Cu79 

composition was measured close to the surface while a Fe88Cu12 and a Fe80Cu20 spot in 

the middle and at the bottom end of the tube, respectively, were also detected by line 

scans.  

Figure 4.9. EDX elemental maps revealing Fe and Cu distribution along 2 μm diameter 
microtubes. 

Figure 4.8. SEM images of electrodeposited Fe–Cu tubes of 2 μm diameter. 
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4.3.5. Photocatalytic performance of microtubes 

Efficient removal of toxic chemicals from water is one of the most pressing 

environmental issues of our times.  In this direction, the development of 

photocatalytic motors for water remediation is highly promising.31,32 Therefore, 

preliminary assessment of the photocatalytic properties of the microtubes in H2O2 

solutions was performed for the Fe-rich compositionally graded tubes of 2 μm 

diameter deposited at -1.2 V for 150 s. It is well known that Fe is prone to surface 

oxidation and visible-light controlled catalytic iron oxide/gold and Cu2O/Au motors 

have been reported 33,34 while the Fe-rich composition was aimed at enabling eventual 

magnetically-driven motion control. The hollow core of the microtubes and the large 

length of approximately 11 μm provided for a high surface area and was targeted at 

bubble-propelled motion.32   

Illumination under different wavelengths of light showed that the microtubes were 

indeed photocatalytically active when irradiated by blue light and exhibited 

directional bubble-propelled locomotion in H2O2 aqueous solutions. When the light 

source was removed, the microtubes would stop moving, thus enabling on/off 

switching. The trajectory traced under blue light can be observed in the still images of 

Figure 4.10 which were taken from a video recording. 

Nevertheless, the amount of H2O2 required to trigger propulsion was about 12.5 wt % 

which is too high for environmental applications. Finally, repeatability was also 

suboptimal and time dependent. 

4.4. Conclusions 

In this work, electrodeposition of complex Fe–Cu geometric structures onto pre-

lithographed substrates as well as high aspect ratio tube and rod arrays in PC 

membranes was demonstrated. The fabricated features show phase separation and 

Figure 4.10. Still images taken at 2.5 s intervals 
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graded composition which can be modulated by the applied deposition overpotential. 

Moreover, their straightforward preparation technique and ferromagnetic character 

makes them attractive candidates for a slew of potential applications in spintronics, 

microelectromechanical systems and in drug delivery applications in the case of the 

rods/tubes. Further combination with other patterning techniques such as colloidal 

templating would increase geometric complexity targeting novel magnetic behavior. 

Finally, the 2 μm microtubes show photocatalytically-driven bubble-propulsion 

though the process requires additional optimization. 
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                  5 

Discussion 

The extensive consumption of critical raw materials and the devastating 

environmental implications of the widespread use of toxic compounds in high-tech 

industry has brought the urgent need for sustainable, environmentally-friendly 

alternatives to the forefront. Furthermore, the natural reserves of many precious 

noble metals and rare-earth elements is controlled by countries such as the US and 

China which employ protectionist policies limiting access and driving up prices. From 

this perspective, the Fe–Cu system presented an excellent option due to the wide 

availability and eco-friendliness of its constituent elements and the highly tunable 

magnetic properties involved. In previous literature, different methods were 

employed towards the preparation of mainly metallic Fe–Cu thin films and the general 

consensus is that the properties derived depend heavily on the fabrication method 

and experimental conditions. Of these, the incredible versatility, low cost, rapid 

growth rate, simplicity and ease of operation of the electrodeposition technique is 

unparalleled. Past efforts on electrodeposited Fe–Cu have been largely focused on the 

deposition of thin films, while the low solubility of Fe and Cu and the tendency of 

oxide/hydroxide formation during deposition has led to a paucity of literature on this 

approach.  

In this thesis, thick FexCu1-x films within a wide composition range (0≤x≤86) were 

electrodeposited galvanostatically from three aqueous sulfate-based electrolytic 

solutions where the effects of different chelating agents (citric acid, glycine and 

sodium gluconate) and plating regimes were examined. Glycine as a complexing agent 
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enhanced copper inclusion while sodium gluconate had a copper suppressing effect 

and thus promoted the growth of Fe-rich deposits. Temperature was an important 

factor influencing bath efficiency, roughness and oxygen incorporation and allowing 

operation at higher current densities. The role of pH was also a substantial one in 

ensuring good deposit quality and strong adhesion to the substrate. Interestingly, the 

glycine and citric acid containing electrolytes showed improved performance at a low 

pH value while for gluconate optimal results were obtained at a higher pH. The 

thickness targeted was that of several micrometers and the combination of different 

plating parameters was connected to a substantial variation of the current efficiency. 

Imaging revealed a cluster-like morphology and the films were nanocrystalline and 

phase separated with partial alloying according to structural analysis. In the case of 

Fe-rich films with an iron content of 25 at% or higher obtained from the gluconate 

electrolyte, a thickness dependent phase separation was confirmed since films with a 

submicron thickness were confirmed to form a solid solution. With respect to the 

magnetic properties, the films were soft magnetic, and the saturation magnetization 

increased with Fe content. Even at very copper rich compositions the films gave a 

weak ferromagnetic response owing to phase separation. 

The fabrication of hierarchically porous Fe–Cu thin films by coupling electrodeposition 

with the colloidal templating technique was also targeted. Promoting hierarchical 

roughness by combining nano- and micron-sized surface features has been shown 

both by nature and by bio-inspired synthesis approaches to lead to enhanced wetting 

behavior with a plethora of existing and future applications which take advantage of 

the properties of superhydrophobic/oleophilic and superhydrophilic/oleophobic 

materials. Different submicron diameters of polystyrene spheres as a hard template 

were chosen to investigate the influence of pore size and distribution. Two 

stoichiometries, Fe-rich and Cu-rich, were selected to study the effect of elemental 

composition. The resulting films had closely packed interconnected pores with narrow 

pores walls of variable roughness. Scanning electron microscopy images and 

subsequent ellipsometry measurements revealed the inherent nanoporosity of the 

material along the patterned macro-pore walls thereby confirming the hierarchical 

porosity present. Water and oil contact angles showed that all of the porous films 
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were very hydrophobic with water contact angles of up to 154°and low contact angle 

hysteresis also achieved. Contrarily, the oil contact angles were very low with initial 

values of as low as 13° and gradually decreasing. The high surface-to-volume-ratio and 

the superhydrophobic/oleophilicic properties which engender enhanced absorption 

capacity and strong water repellence/-oil attraction, respectively. Therefore, the 

possibility of water/oil separation was investigated as a proof of concept. Results 

indicated that the films possessed good absorption capacity (up to 60%) which was 

maintained at a satisfactory level after multiple absorption/rinsing cycles. We 

postulate that the absorption capacity measured was underrepresented since the oil 

droplets had a tendency to stick to the glass beaker container and more specifically 

around the water surface/glass beaker contact line. Furthermore, the submicron pore 

size implies that these films are also suitable for water/oil separation in emulsified 

solutions. 

Moore´s law, formulated by Intel cofounder Gordon Moore in 1965, stipulated that 

the number of transistors per square inch of circuit would double every year. The pace 

was adjusted to a doubling every two years in 1975. This had been the golden rule for 

the semiconductor industry for more than 50 years but has begun to falter with the 

ever-increasing number of circuitries crammed in a single chip and the inevitable heat 

generated. Spin-based electronics offer a possible solution to the current conundrum. 

On this premise, further exploiting the hierarchically porous nature of the Fe–Cu films 

in tandem with their ultrathin pore walls and ferromagnetic character, magneto-

electric measurements using ionic liquid gating were conducted. These revealed that 

the narrowness of the pore walls and intrinsic nanoporosity could bypass the ultrathin 

film requirement and enable magneto-electric effects despite the overall film 

thickness of hundreds of nanometers. Specifically, a coercivity reduction of up to 25% 

was observed. Elemental and structural analysis led to the conclusion that the effects 

were mainly ascribed to charge accumulation/dissipation. The implications of voltage-

induced coercivity modulation for energy-efficient devices, owing to the reduction of 

Joule effect related heat dissipation, with applications in areas such as cloud 

computing, mobile devices, and robotics, cannot be overstated.  
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Finally, pursuing the current trend towards miniaturization in technologies such as 

data storage and processing, biomechanics and MEMS/NEMS, magnetic nano- and 

micron-scale structures, rods and tubes were fabricated. For the creation of structures 

with different geometric shapes (disks, crosses, stripes) and sizes in nine 

configurations, a combinatorial approach of electrodeposition with electron beam 

lithography, a powerful technique offering ultra-high resolution, was undertaken. A 

higher aspect ratio was attained than commonly reported for lithographed motifs 

which holds great promise due to the transition to three-dimensional nanomagnetism 

where novel phenomena can occur. A gradient of composition was observed with an 

increase of copper amount at the surface. Magnetic studies were not straightforward 

in the case of the structures, hindered by the inclusion of all patterns on one substrate 

and the exceptionally copper rich surface which excluded MOKE analysis. 

Nevertheless, the fabrication of large single feature arrays on a substrate enabled VSM 

measurements of two chosen geometries which showed a weak soft ferromagnetic 

signal. Magnetic force microscopy was more promising for studying magnetization 

reversal though the maximum applied field magnitude was limited to 600 Oe which 

did not achieve saturation. Magnetic curling effects were also observed. On the other 

hand, for the preparation of the arrays of rods and tubes, polycarbonate PC 

membranes were used as hard templates. Apart from the intrinsic to the process 

compositional gradient, the creation of Fe-rich and Cu-rich segments was 

accomplished. The free-standing tubes and rods responded strongly to an external 

magnet while the microtubes showed photocatalytic bubble-propelled directional 

locomotion. These nano/micromotors can function as mobile platform in diverse 

chemical applications. 

As can be discerned form the above, electrodeposition and sustainability were the 

predominant driving forces and main focal points of this thesis while multifaceted 

functionalization with respect to geometry and compositional control was intensely 

endeavored. Environmental applications such as the removal of toxic chemicals from 

water as well as the effective and sustainable cleanup of oil spills were targeted by the 

photocatalytic microtubes and the patterned superhydrophobic/oleophilic films, 

respectively. Correspondingly, the voltage-controlled coercivity modulation achieved 
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in the patterned films can lead to enhanced energy efficiency in spintronics 

applications. The Fe—Cu system, with its low-cost and abundant constituent elements 

along with its intriguing magnetic properties, was at the center of all these ventures. 
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                  6 

Conclusions 

The main conclusions that can be drawn are summarized in the bullet points below: 

1. Fe–Cu continuous coatings with low oxygen content can be prepared over a 

wide composition range from a single electrolyte by tuning plating parameters 

such as temperature, pH and applied current densities. 

2. The choice of complexing agent is vital in determining the compositions that 

can be achieved, the range of operating current densities and oxygen 

incorporation in the deposits. 

3. The role of temperature on the morphology of the deposits is significant and 

roughness decreases substantially at higher temperatures.  

4. The Fe–Cu deposits exhibit a cauliflower-like morphology with more closely 

packed clusters at high iron content. Meanwhile, almost pure Cu deposits are 

smooth with a nodular morphology. 

5. Oxygen was mainly located at the uppermost surface forming a passivation 

layer. 

6. The Fe–Cu thick continuous coatings are nanocrystalline and are characterized 

by phase separation with partial alloying when the thickness is that of several 

micrometers. Meanwhile, Fe75Cu25 and Fe85Cu15 thin films obtained from the 

gluconate containing electrolyte are shown to be fully alloyed. 
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7. The magnetization is easily tunable and increases with Fe content. Due to 

phase separation and the formation of Fe-rich clusters even films with 6 at% 

Fe have a weak ferromagnetic response. 

8. The Fe-rich and Cu-rich deposits can be patterned by colloidal templating using 

PS spheres of various diameters ranging from 200 nm to 500 nm to create 

hierarchically porous structures with closely packed macropores of different 

diameters. The ultrathin pore walls are shown to be nanoporous. 

9. The patterned macroporous films are also revealed to be single phase contrary 

to the thick continuous coatings. 

10. The Fe-rich and Cu-rich patterned films are hydrophilic and oleophobic. Water 

contact angles of 155° with a contact angle hysteresis of 6.7° is achieved for 

the 500 nm Fe85Cu15 film while initial oil contact angles in the range of 13° - 18° 

are recorded. Compared to continuous films, the contact angle greatly 

increases with patterning.  

11. As a proof of concept, the superhydrophobic Fe85Cu15 patterned films are 

shown to be capable of separating oil from water. 

12. The hierarchical porosity and ultrathin pore walls of the Fe-rich patterned films 

are shown to be an excellent way of bypassing the ultrathin film requirement 

for observing magneto-electric effects in metals. A voltage-driven coercivity 

reduction of up to 25% was reached.  

13. The structural changes induced by the electric field during magneto-electric 

measurements mainly influence the Cu species at the surface, whereas the Fe 

species controlling the magnetic behavior remain unaltered. 

14. High aspect ratio Fe–Cu compositionally graded submicron structures of 

different geometries with sharply defined features has been achieved by 

coupling electrodeposition with electron beam lithography. At static fields, the 

structures show dipolar contrast which vanishes at zero field suggesting 

magnetic curling. 
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15. Free-standing or detached Fe–Cu nano- and microrods and tubes deposited 

into PC membranes show a graded composition while intentional Fe-rich and 

Cu-rich segment creation is possible with modification of the applied potential 

during deposition. 

16. The Fe-rich microtubes of 2 μm diameter show photocatalytic directional 

bubble propulsion under blue light. 
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                  7 

Future perspectives 

In view of the results described in this thesis, several potential avenues for future 

research can be outlined: 

1. The effect of different levelers on the quality of the obtained deposits can be 

further studied. Pulsed plating can also be employed to investigate the effect 

on morphology and composition. 

2. The properties of films obtained by electrodeposition with use of a nonionic 

surfactant can be thoroughly characterized. Eventually, the evolution of the 

mechanical properties of 2:1 aspect ratio microstructures produced with and 

without the surfactant addition and with different levelers can be determined. 

3. Further magnetic and structural investigation of the patterned submicron 

features by X-ray magnetic circular dichroism (XMCD), photoemission electron 

microscopy (PEEM) and XRD at synchrotron radiation facilities will shed light 

into the magnetic behavior observed. 

4. The performance and repeatability of the photocatalytic microtubes can be 

optimized so as to make them suitable for environmental applications. Gold 

segments produced from a cyanide free gold containing electrolyte could aid 

in this direction. Magnetic steering of the microtubes can also be applied. 

5. The Triton X-100 concentration and plating conditions for the nanorods 

produced by nonionic surfactant-assisted electrodeposition should be 

improved upon in order to render a fully nanoporous morphology. 
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6. Additional patterning of large diameters rods using polystyrene colloidal 

spheres to produce a hierarchically porous structure could make them 

interesting for a variety of applications. 

7. Cytotoxicity of the Fe–Cu deposits and nano/microrods and tubes can be 

assessed for possible biological applications. 
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