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  IX Abstract 

Abstract 

This Thesis dissertation covers the electrochemical synthesis of advanced metallic 

materials in two different configurations, namely porous films and segmented 

nanowires (NWs). Porous films are prepared by hydrogen bubble-assisted 

electrodeposition (macroporous Ni and Cu-Ni systems) and self-organized template 

(block-copolymer P123) assisted electrodeposition (nanoporous Ni). The Cu-Ni films 

exhibit a hierarchical porosity (they consist of micron-sized roughly spherical pores 

and nanodendritic walls), superhydrophobic character and ferromagnetic properties 

at room temperature (due to the occurrence of phase separation during deposition). 

Furthermore, they are electrocatalytically active toward hydrogen evolution reaction 

in alkaline media, outperforming pure Cu and Ni porous films prepared under similar 

conditions.  

Meanwhile, segmented CoPt/Cu/Ni and CoPt/Ni NWs with controlled segment 

lengths are prepared by electrodeposition in polycarbonate (PC) membranes. Due to 

the dissimilar ferromagnetic properties of CoPt and Ni segments (hard- and soft-

ferromagnetic character, respectively), it is possible to achieve an antiparallel 

alignment of the magnetization of the segments if their lengths are properly tuned. 

This would make it possible to minimize aggregation of the NWs once released from 

the PC template. These findings have been validated by analytical calculations. 

The macroporous Cu-Ni and Ni films are used as scaffolds for the fabrication of novel 

nanocomposite layers, namely ZnO@CuNi, Al2O3@Ni and Co2FeO4@Ni, by applying 

sol-gel coating and atomic layer deposition techniques. The latter allows a 

nanometer-thick conformal coating of the metallic host. The resulting 

nanocomposites combine the properties coming from the metallic matrix and those 

arising from the coating (photoluminescence and photocatalytic properties in the 

case of ZnO, changes in the wettability for Al2O3 and Co2FeO4).  

Finally, the nanomechanical properties of nanoporous Ni films are evaluated and a 

thickness-dependence of both the Young’s modulus and the yield strength with the 

maximum applied force during nanoidentation is disclosed, due to the graded 

porosity of these films. 
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Resum 

Aquesta tesi doctoral comprèn la síntesi electroquímica de materials metàl·lics 

avançats en dues configuracions diferents, capes poroses i nanofils segmentats. Les 

capes poroses s’han preparat per electrodeposició fent ús de les bombolles 

d’hidrogen que es generen durant el procés com a plantilles (sistemes de Ni i Cu-Ni 

macroporós) i també per electrodeposició en presència del polímer P123 que actua 

com a plantilla autoorganitzada (Ni nanoporós). Les capes de Cu-Ni presenten una 

porositat jeràrquica (estan formades per microporus esfèrics i les partes de porus 

són nanodendrítiques), caràcter superhidrofòbic i propietats ferromagnètiques a 

temperatura ambient (gràcies a la separació de fases que s’aconsegueix durant el 

procés de deposició). A més, aquestes capes són electroquímicament actives vers la 

reacció d’evolució d’hidrogen en medi alcalí, bo i presentant millor resposta que les 

capes de Cu i Ni poroses preparades en condicions similars. 

D’altra banda, s’han fabricat nanofils segmentats de CoPt/Cu/Ni i CoPt/Ni amb un 

control acurat de la llargada dels segments en membranes de policarbonat (PC). 

Gràcies al fet que els segments de CoPt i Ni presenten propietats ferromagnètiques 

distintes (l’un és magnèticament dur i l’altre magnèticament tou), es pot aconseguir 

un alineament antiparal·lel de la magnetització de saturació dels segments si llurs 

llargades es dissenyen de forma apropiada. Això faria possible minimitzar-ne la seva 

aglomeració un cop els nanofils fossin alliberats de la membrana de PC. Les troballes 

experimentals han estat validades mitjançant càlculs analítics. 

S’han utilitat les capes macroporoses de Cu-Ni i Ni com a matrius per a la fabricació 

de noves làmines de nanocompòsit, en particular ZnO@CuNi, Al2O3@Ni i 

Co2FeO4@Ni, mitjançat processos de sol-gel i deposició de capa atòmica (en anglès, 

ALD). L’ALD permet la formació d’un recobriment conformal de gruix nanomètric en 

l’esquelet metàl·lic porós. Els nanocompòsits resultants combinen les propietats de 

la matriu metàl·lica i les del recobriment (fotoluminescència i propietats 

fotocatalítiques en el cas del ZnO, canvis en la mullabilitat en el cas de Al2O3 i 

Co2FeO4). 

Finalment, s’han avaluat les propietats nanomecàniques de films de Ni nanoporós i 

s’ha vist que existeix una dependència tant del mòdul de Young com del límit 

d’elasticitat amb la força màxima aplicada durant els assaigs de nanoindentació, atès 

que aquetes capes presenten una gradació de la porositat en funció del gruix. 
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Chapter 1: Introduction  

Research in nanostructured materials generates considerable interest in the 

scientific community because of their novel and enhanced properties endowed by 

confining the dimensions of such materials. Nanostructured materials, whose 

structural or constituent elements –clusters, crystallites or molecules– have 

dimensions in the range of 1 to 100 nm, are currently synthesized by a wide variety 

of physical, chemical and mechanical methods. Among them, magnetic 

nanostructured materials, more precisely ferromagnetic materials, are the subject of 

myriad theoretical and experimental investigations since they combine a 

nanostructured morphology with the intriguing magnetic features emerging at the 

nanoscale. They find great uses in information storage devices, such as computers, 

cell phones and non-volatile memories, as well as in biomedical and biotechnological 

applications, such as direct detection of antibodies in biological samples and stimuli 

responsive drug delivery systems, to name a few.  

1.1 Template assisted electrodeposition of nanostructured materials 

Synthesis and processing of nanostructured metallic and ceramic materials have 

been reviewed by several authors[1-4]. Compared to physical fabrication techniques, 

such as sputtering, evaporation, molecular beam epitaxy, focused ion beam, etc., 

electrodeposition offers various advantages. Firstly, electrodeposition does not 

require vacuum conditions; it can work at ambient pressure and room temperature. 

Secondly, substrates with a wide variety of shapes can be coated, which is 

particularly useful for template-assisted electrodeposition approaches. Thirdly, high 

deposition rates are attainable. Last, relatively thick dense and porous coatings (up 

to several hundreds of micrometers in thickness) can be obtained. All these features 

make electrodeposition a fast and cost-effective technique for the production of 

nanostructured materials.  
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Template-assisted electrodeposition[5] methods allow synthesizing low-dimensional 

materials (nanoparticles, nanowires, nanotubes, nanorods) with controlled shape 

and size. They involve the use of either dynamic, self-organized, or restrictive 

templates as a cathode in the electrochemical cell. The template can be removed 

after the electrodeposition step by calcination or etching, depending on the 

demands of the synthesis as well as the nature of the templates. General features of 

each approach are described below.  

1.1.1 Dynamic template-assisted electrodeposition 

In aqueous solutions and at sufficiently large cathodic overpotentials, H+ is easily 

reduced to H2. Hydrogen co-evolution was an unwanted issue for many years, 

because the produced bubbles disrupt the normal growth of metal deposits. 

However, H2 bubbles can actually be utilized as a dynamic template during 

electrodeposition to fabricate porous materials[6]. Typically, macropores in the 

micron size range are caused by the growth of the metal or alloy around the bubbles 

generated on the cathode surface. The intensively evolved H2 bubbles change the 

hydrodynamic conditions near the electrode surface, profoundly affecting the 

morphology and structure of the deposits. Nanodendrites and foams are a 

consequence of both the H2 evolution and the applied high overpotential. This 

preparation technique is clean and efficient as it affords access to porous 

morphologies without the need for additional organic or inorganic templates. The 

main advantage of dynamic templates is that they are automatically detached from 

the growing porous layer during the deposition process. 

Several groups have exploited the concept of H2 co-evolution accompanying cations 

discharge to prepare a large variety of porous metals or alloys.  A number of 

different electrodeposition modes have been utilized, namely pulse [7,8], constant 

potential[9,10] (potentiostatic) and constant current[11,12] (galvanostatic) methods, 

which broadly speaking produce similar morphologies. Monometals such as Ni[13], 

Cu[12,14,15], Bi[16], Pd[17], Pt[18], Sn[19], Co[20], Ru[21] and bimetallic systems containing Ni 

(NiSn[22], NiCo[23], NiCu[24]), Pd (AgPd[25], PdNi[26]) Pt (PtPd[27], AuPt[28], CuPt[29]) and Cu 

(CuAg[30], CuAu[31]) have been prepared by hydrogen bubble template-assisted 
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electrodeposition. The first detained studies on porous magnetic materials produced 

in this way focused on Ni[32,33]. Recent developments have led to the production of 

porous magnetic films including Ni[13], CuNi[24], CoNi[23], CuFe[34] alloy, bimetallic Cu-

Ni[35], and even NiCoFe.[36]  

Besides H2 bubbles, ions can also serve as a dynamic template during 

electrodeposition in some cases. For example, Cl– and ZnCl+ can cyclically function as 

dynamic templates during the electrodeposition of ZnO when grown under a 

triangular potential waveform signal. [37] During the cathodic step, ZnCl+ adsorbs on 

the substrate, thus providing a blocking effect which inhibits ZnO from being 

deposited inside the pores. During the anodic step, Cl– exerts a pinning effect, which 

prevents the as-grown ZnO deposits from dissolution.  Although this approach has 

not been applied to deposit porous metallic films so far, it highlights the opportunity 

to use ions as a dynamic template in electrodeposition.  

1.1.2 Self-organized template-assisted electrodeposition 

Self-organized templates allow the electrodeposition of a range of materials 

featuring regular arrays of uniform pores from submicrometer to nanometer sizes. 

There are mainly two types of self-organized templates[38]: lyotropic liquid crystalline 

(LLC) phases and close-packed arrays of spherical colloidal beads.  

LLC phases produce materials with regular arrays of pores in the 2-10 nm size range 

with wall thicknesses typically of the same order. These phases are formed by 

dissolving high concentrations of surfactant in water[39]. Surfactant molecules are 

typically amphiphilic in character, i.e., they possess hydrophilic and hydrophobic 

regions, having a long hydrocarbon tail and a relatively small ionic or polar head 

group. The simplest liquid crystalline phase is spherical micelles, for which the 

hydrophobic groups are oriented toward the inner part of the micelles and the 

hydrophilic groups are oriented toward the outer part of the micelles (i.e., they are 

in contact with water). At higher amphiphile concentration, the micelles fuse to 

form cylindrical aggregates of indefinite length, and these cylinders arrange into a 

long-range hexagonal lattice. By continuous increasing the concentration of the 

surfactant, the so-called “lamellar phase” is formed. In order to use these phases as 
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templates for the growth of nanoporous metallic deposits, appropriate metal salts 

are dissolved in the aqueous domain of the electrolyte. Using block copolymers as 

surfactants affords films with larger pores. Besides, block copolymer systems also 

form similar phases when used in ternary systems with water and an organic solvent 

such as ethanol. This approach is an attractive route to prepare porous metals, 

semimetals, metal oxides, or alloy materials, such as, Pd[40], Ni[41], Pt[42], MnO2
[43], 

NiCoFeB[44] or PtRu[45]. Well-defined mesostructures can be formed depending on 

the temperature and composition of the mixture.  

Colloidal templates can be utilized as matrices to produce porous films featuring 

close-packed arrays of interconnected spherical pores from 20 nm to over 1 m in 

diameter. Spherical colloidal particles (e.g. latex beads) can be assembled as 

colloidal crystalline layers on conducting substrates by various methods such as 

electrophoresis, centrifugation, sedimentation, or evaporation. With careful control 

of the conditions, it is possible to deposit high quality (single crystalline) materials 

over large areas (> 1 mm2)[46]. The voids left behind the colloidal spheres can be 

filled with the target materials by electrodeposition. Electrodeposition possesses 

significant advantages over other deposition approaches. First of all, it ensures that 

the deposits distribute as a “negative copy” of the template, and thus shrinkage of 

materials does not take place when the template is removed. The resulting porous 

film is a true cast of the template structure and the pore size of the deposits is 

directly determined by the size of the colloidal spheres. This method is very flexible 

because both aqueous and non-aqueous electrolytes can be utilized, and the 

colloidal templates are compatible with a wide range of deposition conditions. 

Porous metals[47,48] and alloys[49], polymers[50], oxides[51] and semiconductors[52] have 

been successfully obtained by electrodeposition through colloidal templates. In 

general, electrodeposition allows fine control over the thickness of the resulting 

macroporous and nanoporous films by controlling the charge passed through the 

system.  
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1.1.3 Restrictive template-assisted electrodeposition 

Nanowires and nanotubes of diverse materials can be synthesized by 

electrodeposition into the cylindrical pores or channels of an inert, non-conductive 

nanoporous electrode material. Track-etch polymeric [53] and porous alumina[54] 

membranes are archetypical materials used for such purposes. Nevertheless, other 

nanoporous structures including conductive polymers[55], semiconductors[56], 

carbons[57] and other solid materials[58,59] can also serve as templates to synthesize 

nanometer-sized particles, fibrils, rods and tubules. Nanoindented holes produced 

on purpose on a substrate are also used for electrodeposition purposes.[60] The 

experimental set-up of electrodeposition using restrictive templates is schematically 

shown in Figure 1.1. The template acts as the cathode, and it is brought into contact 

with the electrolyte. The anode is placed inside the electrolyte as well, facing the 

cathode. Polymeric membranes constitute an important class of porous materials, in 

which (I) pores are randomly distributed; (II) pores with different geometry can be 

fabricated; (III) pore size can be adjusted between 10 nm and a few micrometers. 

The maximal pore density is 1010 pores/cm2. They are typically used in low 

temperature (20-200 ºC) syntheses and in large-scale routine applications. Ceramic 

templates, like anodized aluminum oxide (AAO) membranes, are usually more fragile, 

more expensive, and harder to fabricate. On the other hand, ceramic membranes 

tend to withstand harsher synthetic conditions (e.g., high temperature, solvent, 

andcorrosive or fouling-favoring environments). Pores in AAO templates are mostly 

cylindrical and often arranged in a hexagonal fashion. Maximal pore density can 

reach up to 1011 pores/cm2. Carbon membranes are based on appropriate polymeric 

or pitch precursors, and they are intermediate (both in character and properties) 

between polymeric and ceramic membranes. The properties of carbon membranes 

are closer to the properties of their ceramic counterparts: high temperature and 

chemical stabilities (except in oxidative environments at temperatures > 350-400 

ºC). Besides the desired pore geometry, pore density or size distribution, templates 

must meet certain requirements: (I) they must be compatible with the processing 

conditions; (II) they should be chemically inert during the synthesis; (III) the internal 

pore walls must be wettable by the electrolyte; (IV) it should be possible to dissolve 
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them in order to release the electrodeposited material (nanowires, nanorodos, 

nanotubes).  

 

Figure 1.1: Schematic electrode arrangement for the synthesis of nanowires and 

nanotubes through restrictive template-assisted electrodeposition.  

1.2 Porous nanocomposites  

The field of nanocomposites involves the study of multiphase materials for which at 

least one of the constituent phases has one dimension less than 100 nm. The 

promise of nanocomposites lies in their multifunctionality and the possibility of 

realizing unique combinations of properties unachievable with traditional single-

phase materials. Nanocomposites[61] can be considered as solid structures with 

nanometer-scale dimensional repeat distances between the different phases that 

constitute the structure. Classical nanocomposite materials are made of an inorganic 

(host) solid containing an organic (guest) component or vice versa. Alternatively, 

they can consist of two or more inorganic/organic phases in some combinatorial 

form with the constraint that at least one of the phases or features is in the nanosize 

domain. The nanostructure phase present in nanocomposites can be 0-dimensional 

(0D) (e.g. embedded clusters), 1D (e.g. nanotubes), 2D (nanoscale coating) and 3D 
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(embedded networks). Extreme cases of nanocomposites are porous media, colloids, 

gels and copolymers.  

Apart from the properties of individual components in nanocomposite systems, 

interfaces play an important role in either enhancing or limiting the overall 

properties of the system. A shining example is the mechanical behavior of nanotube-

filled polymer composites. Placing nanotubes inside polymers can improve the 

mechanical properties of the latter. However, if non-interacting interfaces are 

created, then weak regions in the nanocomposite exist, which do not result in an 

enhancement of its mechanical properties. Contrarily, if robust interfaces are 

created, mechanical properties do improve. Such improvement can be exacerbated 

in the case of porous nanocomposites. Due to their high surface area, interfaces in 

porous nanocomposites constitute a relatively large volume fraction. As a 

consequence, their intriguing properties often arise from the interaction of their 

constituent phases at the interface. In general, porous nanocomposites exhibit 

several properties (mechanical, electrical, optical, catalytic, and structural-related 

properties) at once. Each of the properties is either brought by their components or 

achieved though synergies created between them.  

1.2.1 Methods to prepare porous nanocomposites   

In recent years, porous membranes and networks have been used to produce 

porous nanocomposites by the incorporation (through partial filling or coating) of a 

material into the porous matrix. Two extreme examples are shown in Figure 1.2. On 

the one hand, a thin layer can be deposited as a negative copy of the porous matrix 

(Figure 1.2a). The pores are coated or partially filled (nonsaturated state). On the 

other hand, the porous matrix can be completely filled (saturated state) (Figure 

1.2b). 

Pore size in porous networks or membranes can range from a few nanometers to 

several micrometers. The porous matrix provides support and mechanical strength 

to the final nanocomposite, and sometimes it has its own functionality. Both simple 

and complex approaches to create porous nanocomposites based on porous 

matrices are available. A practical dual-phase porous system, such as nanowires 
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embedded in AAO membrane, can be prepared simply by electrodeposition of 

metals or alloys into the AAO channels[62]. On the other hand, incorporating 

materials in 3D porous metallic films, which often display hierarchical porosity (i.e., 

macro- or mesopores with ramified walls), entail several difficulties. Indeed, proper 

processing techniques must be chosen to avoid oxidation and collapse of these 

metallic foams. In general, porous nanocomposites can be prepared through several 

methods, ranging from chemical to vapor phase deposition routes. Some examples 

of techniques used to partially fill or coat porous matrices are given below:  

 

Figure 1.2: Schematic representation of two extreme porous nanocomposites. a) 

nonsaturated state: the porous matrix is coated or partially filled; b) saturated state: 

the porous matrix is completely filled.  

A. Atomic layer deposition (ALD) 

ALD[63] is a thin film deposition technique based on the sequential use of a gas phase 

chemical process. During coating, two or more chemical vapors or gaseous 

precursors react sequentially on the substrate surface, producing a solid thin film. 
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The gas phase precursors could have access to all spaces independent of the 

substrate geometry and the line-of-sight to the substrate. ALD possesses several 

advantages over alternative chemical and physical vapor deposition methods, such 

as precise control of film thickness at the nanometer scale, and the possibility to 

produce pinhole-free and conformal coatings. In addition, it is a highly repeatable 

and scalable process.   

ALD has been proven successful to grow a wide range of materials[64-68]. These 

include metals, insulators and semiconductors in both crystalline and amorphous 

phase. The main limitation of extending ALD to other materials is the limited 

selection of effective reaction pathways. The selection is further restricted by the 

availability of reactants. Two main groups of metal reactants are used in ALD: 

inorganic and metal organic reactants. There is also a selection of counter reactants 

that are appropriately suited to the metal reactants. For example, NH3 and H2S[68,69] 

are commonly used as counter reactions for depositing nitrides and sulfides. Oxygen 

counter reactants include O2
[70], H2O[71], O3

[72], H2O2
[73]  and O· from a plasma 

source[74], among which O3 and O· are very reactive and therefore they can be used 

for low temperature ALD. In spite of its lower reactivity, H2O is another commonly 

used oxygen source for oxide, because it is gentle to substrate surface. ALD has been 

used to deposit materials onto particles, nanotubes, nanorods, high-aspect ratio 

structures including porous AAO membranes and porous polycarbonate 

membranes[75-79]. Yet, successful ALD onto porous metallic films is rather challenging 

and still under investigation. The growth of a conformal coating onto a substrate (e.g. 

porous metallic film) without worsening the morphological and compositional 

features of the underlying material (i.e., the porous film) largely depends on the 

deposition conditions.  

B. Magnetron sputtering 

Magnetron sputtering[80] is a plasma vapor deposition process in which a target (or 

cathode) plate is bombarded by energy ions generated in glow discharge plasma, 

situated in front of the target. The bombardment process causes the removal, i.e., 

sputtering, of target atoms, which may then condense on a substrate as a thin film. 

This technique has become a good choice for the deposition of a wide range of 
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industrially relevant coatings. Examples include hard, wear-resistant coatings, low 

friction coatings, corrosion resistant coatings, decorative coatings and coatings with 

specific optical or electrical properties. 

C. Electrodeposition 

Restrictive template-assisted electrodeposition is another effective approach to 

produce coatings on an electrically conducting surface, as explained in section 1.1.3. 

It is generally used for the growth of metals, alloys, conducting metal oxides, some 

metal hydroxides and a few polymers. Both thickness and morphology of the coating 

can be precisely controlled by adjusting the electrochemical parameters.  

D. Suspension infiltration  

Suspension infiltration[81] is a method that involves infiltrating an aqueous 

suspension containing nanoparticles into porous membranes or networks. After 

infiltration, the liquid-filled porous matrices are freeze-dried to remove the water 

while retaining a uniform distribution of nanoparticles. Afterwards, soft sintering is 

applied to firmly bond the nanoparticles to the membrane without altering their 

original shape. This method is rather straightforward and it is environmentally 

friendly. In addition, the size and number of nanoparticles can be altered to 

precisely control the specific surface area of the resulting porous nanocomposites. 

Finally, the method can be also carried out under controlled air-dry or vacuum dry 

instead of freeze-dry process. Therefore, it can be readily extended to a wide range 

of starting porous materials which cannot stand harsh freeze conditions.   

 E. Sol-gel coating 

Sol-gel[82] process is essentially a method for producing solid materials, mainly metal 

oxides, from small molecules. The process involves the conversion of monomers into 

a colloidal solution (sol) which acts as the precursor for an integrated network (or 

gel) of either discrete particles or network polymers. It can be used to prepare thin 

films, fibers, spheres, powders, aerogels, xerogels and glasses.  

In fact, many techniques currently used for fabricating porous nanocomposites are 

based on sol-gel approaches. Suitable precursors can be added during the sol-gel 
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processing of the material. Sol-gel mixtures can be deposited on a substrate by dip 

coating process[83], spin coating process[84], spray coating techniques[85] or 

hydrothermal methods[86] to produce porous nanocomposites. Both dip-coating and 

spin-coating using sol-gel mixtures as precursors entail limitations when applied to 

large substrates or substrates with micron-size features. Moreover, using the 

aforementioned deposition techniques, coatings thicker than 1 μm can only be 

obtained by repeating coating/calcinations cycles. The development of coating 

techniques based on sol-gel, especially on relatively large porous metallic foam films, 

is still in its infancy.  

Apart from these exemplary techniques, there are other coating methods available 

to fabricate nanocomposites based on porous matrices. Coatings can be applied as 

liquids, gases or solids, depending on the nature of the base porous material.  

1.2.2 Classification of porous nanocomposites materials 

According to the matrix materials, porous nanocomposites can be classified in three 

different categories: porous ceramic nanocomposites, porous polymer 

nanocomposites, and porous metal nanocomposites.  

A. Porous ceramic nanocomposites 

Porous ceramics are promising candidates for a large variety of applications, such as 

catalyst supports, energy storage devices, microelectronics, filtration and tissue 

engineering scaffolds. Pores can offer insulating properties at high temperature, 

capture impurities in filtration process, as well as providing the architecture for 

hosting another material. A very useful example of porous ceramic nanocomposites 

is nanowires or nanotubes electrodeposited into porous AAO[87]. The dimensions 

and chemical composition of nanowires and nanotubes can be tuned on-demand by 

adjusting the electrodeposition parameters. Multilayer[88] or core-shell nanowires[89], 

consisting of different materials along the wire length, can also be synthesized by 

electrochemical means. The advantage of template-based synthesis of nanowires 

over other approaches is that the former offers the possibility to grow well-

separated individual nanowires with adjustable diameters. Some disadvantages can 
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be the poor crystallinity of the deposited materials (as it is a low-temperature 

deposition process) and contamination with impurities from electrochemical baths.  

Other examples of porous ceramic nanocomposites that have been created out of 

ceramic scaffolds are Kaolinite-silica and diatomite-based silicalite-1. Kaolinite-silica 

with controllable specific surface area and strength has been prepared via 

suspension infiltration method[81]. Likewise, diatomite-based silicalite-1 hierarchical 

porous nanocomposites were fabricated through a facile in situ process[90]. 

B. Porous polymer nanocomposites 

Porous polymers are essential for catalysis, separation, absorption, ion exchange, 

insulation, drug delivery, and tissue engineering, to name a few. They can be utilized 

as templates for the deposition of inorganic nanoparticles onto their surface by 

simply dipping the polymer into a colloidal solution or by vacuum deposition of a 

volatile metal oxide precursor. In both cases, the polymer needs to withstand both 

the solvent in which the nanoparticles are suspended and the temperature applied 

during vacuum evaporation of it. Etch ion-track polymeric membranes, such as 

polycarbonate membrane (PC), polyethylene terephthalate (PET), polyimide (PI), can 

serve as templates for electrodepositon to fabricate porous polymer 

nanocomposites. Details were already provided in section 1.1.3. 

C. Porous metal nanocomposites 

Porous metals and alloys are also available as matrix materials to form porous metal 

nanocomposites. An important example of a porous metallic matrix is silver-

palladium[91] utilized for separation and purification of hydrogen. The synthesis of 

chemically homogeneous metal or alloy porous structures by chemical or physical 

methods is typically challenging because material homogeneity (including 

composition, pore size, and pore arrangement) is not straightforwardly controlled. 

To date, template-assisted electrodeposition has been proven successful to fabricate 

3D porous metallic films, as described in section 1.1. Depending on the chosen 

template (e.g. hydrogen or LLC phases), these 3D porous metallic films can have 

pore sizes ranging from a few nanometers to hundreds of micrometers. 
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For some specific cases, one-step electrodeposition of porous metal-ceramic 

nanocomposites in the presence of surfactants is possible. For instance, Bi/Bi2O3
[92]  

composites films, with a thickness of 130 μm, have been obtained galvanostatically 

from an electrolyte containing a nonionic surfactant Triton X-100. Mesoporous 

Ni/Ni-oxide[93] was electrodeposited from aqueous Ni(II) acetate dissolved in the 

lyotropic liquid crystalline phases of Brij 56 and Brij 78 surfactant templates.  

1.3 Magnetic properties of nanostructured materials  

1.3.1 Theoretical background  

A. Magnetic behavior of materials 

Magnetism is a macroscopic phenomenon, which is due to the existence of magnetic 

moments in the atoms associated either with the movement of electrons around the 

atomic nucleus (orbital moment) or electron rotation around their own axis (spin 

moment). Materials can be classified into different categories depending on the 

response to an applied external field, H: 

 Diamagnetism (DM). The change in orbital motion in response to an applied 

field is known as the diamagnetic effect, and it occurs in all atoms. It 

manifests as a linear relationship between the magnetization and the applied 

field, with a small negative slope. Actually, diamagnetism only shows up in 

atoms with no net magnetic moment. In other materials diamagnetism is 

overshadowed by much stronger contributions, such as ferromagnetism or 

paramagnetism. Diamagnetic materials do not present permanent magnetic 

moment upon removal of the applied external field (i.e., no remanent 

magnetization). Hence, they do not exhibit any hysteresis. 

 Paramagnetism (PM). In paramagnetic materials, the magnetic moments are 

virtually uncoupled to each other and thermal energy causes random 

alignment of the magnetic moments of each atom, as shown in Figure 1.3a. 

In other words, the magnetic exchange interactions between neighboring 

atoms are negligible. Nevertheless, when a magnetic field is applied, the 

magnetic moment starts to align, but only a small fraction becomes actually 
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oriented along the field direction, thus resulting in a small linear positive 

slope in the magnetization versus field curve, but without hysteresis.  

 Ferromagnetism (FM). In ferromagnetic materials, the spins of neighboring 

atoms are oriented parallel each other since they are coupled via positive 

exchange interactions. Upon application of an external magnetic field, the 

moments tend to orient along the field direction, as depicted in Figure 1.3b. 

When the field is removed, magnetic domains form and a certain fraction of 

the saturation magnetization is retained, giving rise to a remanent 

magnetization. As a result, the magnetization versus field curve shows a 

hysteretic behavior, which means that the material “remembers” the 

direction of the previously applied magnetic field. Temperature plays an 

important role in ferromagnetic materials. When the material is heated to 

above the Curie temperature (Tc), the thermal energy is high enough to 

overcome the cooperative ferromagnetic ordering and, as a consequence, 

ferromagnetic materials become paramagnetic. 

 Antiferromagnetism (AFM). In antiferromagnetic materials, the interaction 

between the magnetic moments tends to align adjacent moments 

antiparallel to each other, as shown in Figure 1.3c. This is the result of 

negative exchange interactions. Because of this antiparallel alignment, the 

net moment in absence of an external magnetic field is zero. When a 

magnetic field is applied, the magnetization versus field curve shows a linear 

behavior with a positive slope, as for the case of paramagnetic materials. 

Similar to ferromagnetic materials, antiferromagnetism disappears when 

temperature is larger than the so-called Néel temperature (TN), where 

thermal energy transforms the antiferromagnetic material into a 

paramagnetic one. 

 Ferrimagnetism: Similar to antiferromagnetic materials, the exchange 

interactions between neighboring atoms are also negative in ferrimagnetic 

materials (antiparallel alignment), but the net magnetic moment is not zero 

because the magnetization of one sublattice is greater than that of the 

oppositely oriented sublattice (Figure 1.3d). From a phenomenological point 
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of view, ferrimagnetic materials behave similarly to ferromagnetic ones, with 

a clear hysteresis loop. 

 

Figure 1.3: Schematic representation of the magnetic moments configuration for: a) 

paramagnetic, b) ferromagnetic, c) antiferromagnetic, d) ferrimagnetic materials. 

B. Magnetization curves  

The fundamental motivation behind the study of nanostructured magnetic materials 

is the dramatic change in the magnetic properties observed when the critical length 

governing a given phenomenon is comparable to the nanocrystal or nanomaterial 

size. Effects related to the surface or the interface are stronger in particulate 

systems than in thin films due to the larger amount of exposed surface.  

In classical ferromagnets, the magnetization does not fall to zero when the applied 

magnetic field is removed. To get familiarized with commonly measured magnetic 

parameters, Figure 1.4 schematically illustrates the typical hysteresis loop 

(magnetization versus field) displayed by a ferromagnetic material. The application 

of a magnetic field causes the spins to progressively align with the field. At 

sufficiently high fields, the magnetization levels off and reaches a constant value, 

called saturation magnetization, Ms. When the magnitude of the applied field is 

reduced back to zero, the magnetization retains a positive value, termed remanent 

magnetization, Mr. The ratio of the remanent magnetization to saturation 

magnetization, Mr/Ms, is called squareness ratio and it varies from 0 to 1. The 
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remanent magnetization can be removed by reversing the magnetic field strength to 

a value equal to the coercivity, Hc. When the reversed magnetic field is increased 

further, saturation is achieved in the reversed direction.  

 

Figure 1.4: Schematic representation of a hysteresis loop in a ferromagnetic material. 

The saturation magnetization, MS, remanent magnetization, Mr and coercivity, Hc, 

are indicated. The dashed curve depicts the non-linear magnetization path described 

by the material when it is initially magnetized from a zero field value.  

The hysteresis loop shows the “history dependent” nature of magnetization for a 

ferromagnetic material. The suitability of nanostructured ferromagnetic materials 

for a particular application is largely determined by the characteristics of their 

hysteresis loops. Nanostructured magnetic materials show a wide variety of unusual 

magnetic properties compared to the bulk materials. In case of bulk defect-free 

materials, their intrinsic magnetic properties only depend on the chemical and 

crystallographic structure. The size and shape of studied bulk samples are not 

crucially important, i.e., for instance, Ms, Hc and Tc values of small and big cobalt 

samples are all equal. However, magnetic characteristics of nanostructured 

materials are strongly influenced by the so-called finite-size and surface effects. 

Finite-size effects, in the strict sense of word, come from quantum confinement of 

the electrons. Surface effects are related, in the simplest case, to the symmetry 

breaking of the crystal structure at the boundary of each particle, but it can also be 
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due to different chemical and magnetic structures of internal (“core”) and surface 

(“shell”) parts of nanostructured materials.  

C. FM materials: soft and hard 

Because of their “memory effect”, FM materials are really important for widespread 

technological applications. Ferromagnetic materials tend to organize spontaneously 

in small volumes called domains, wherein the magnetic moments of each atom are 

oriented parallel to each other along a certain direction, different than that from 

neighboring domains. In the absence of magnetic field, the overall domain 

arrangement minimizes the external energy and the bulk material appears 

demagnetized. When a magnetic field is applied the domains oriented favorably 

with respect to the applied field direction grow at the expenses of unfavorably 

oriented ones, until all moments in the material are parallel to the applied field, 

reaching the saturation magnetization (Ms). Magnetic domains are responsible for 

the magnetic hysteresis exhibited by FM materials since the domain configuration at 

remanence (after saturation and removal of the external field) is no longer isotropic, 

but gives rise to a certain remanent magnetization (Mr). The negative magnetic field 

that needs to be applied to return the net magnetization back to zero is called 

coercivity (HC). FM materials are characterized by a Tc above which thermal agitation 

destroys the magnetic exchange coupling, transforming the material into 

paramagnetic. 

Iron, cobalt, nickel, and their alloys, some manganese compounds, and some rare-

earth compounds show FM response. They can be further classified as soft or hard 

according to the shape of their hysteresis loops. Some examples of soft FM materials 

are Fe, Ni, permalloy and CuNi alloys. Soft FM materials are characterized by low 

values of coercivity (Hc), often lower than 10 Oe, and large values of Ms, usually 

higher than 100 emu/g. Hence, they feature a narrow hysteresis loop (see Figure 

1.5a). Hard ferromagnetic materials, also known as permanent magnets, strongly 

resist demagnetization once magnetized. They are used, for example, in motors, 

loudspeakers or meters, and have high value of Hc, typically larger than 350 Oe, and 

smaller values of Ms compared to soft materials. Accordingly, they show wide 

hysteresis loops (Figure 1.5b).  
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Figure 1.5: Typical hysteresis loops for a) soft- and b) hard-ferromagnetic materials.  

D. Magnetic anisotropy 

The term “magnetic anisotropy” refers to the dependence of the magnetic 

properties on the direction along which they are measured. The strength and type of 

magnetic anisotropy affect the shape of the hysteresis loops. As a result, magnetic 

anisotropy greatly determines the suitability of a magnetic material for a given 

application. The most common types of magnetic anisotropy are (1) 

magnetocrystalline anisotropy, (2) shape anisotropy, (3) surface anisotropy, (4) 

stress anisotropy and (5) exchange anisotropy (for example by the interface coupling 

with an antiferromagnet)[94]. Among them, magnetocrystalline anisotropy and shape 

anisotropy are most often discussed when dealing with nanostructured materials. In 

a first approximation, anisotropy can be modeled as uniaxial in character and, then, 

it is simply represented by 

E = KVsin2q

Here E stands for the anisotropy energy; K is the effective uniaxial anisotropy energy 

per unit volume, is the angle between the moment and the easy axis, and V is the 

particle volume.  

Magnetocrystalline anisotropy arises from spin-orbit coupling and energetically 

favors alignment of the magnetization along a specific crystallographic direction. It 

can be defined as the tendency for the magnetization to align itself along a preferred 

crystallographic direction, i.e. the easy magnetization axis of the materials. The 
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crystalline anisotropy is specific to certain materials and operates independently of 

the particle shape. For example, at room temperature, cobalt crystallizes in the 

hexagonal close packed structure, being the hexagonal (c) axis the easy axis. In the 

cubic systems, symmetry creates multiple easy axes. Face-centered cubic Ni has 

<111> direction as its easy axis.  Meanwhile, for Fe, which possesses body-centered 

cubic crystallographic structure, the easy axis is <100>. In most materials the spin-

obit coupling is fairly weak, and therefore the crystalline anisotropy is not 

particularly strong. High-anisotropy materials always contain heavy elements in their 

composition, such as rare-earth elements. For these materials, a large field must be 

applied in the direction opposite to the magnetization in order to overcome the 

anisotropy and reverse the magnetization. Hence, materials containing rare-earth 

elements are attractive candidates for high-coercivity applications. 

Although most materials show some crystallographic anisotropy, a polycrystalline 

sample with no preferred grain orientation has no net crystal anisotropy. A 

spherically- shaped material will be magnetized by the same field to the same extent 

in every direction. However, if the material is not spherical, then it will become 

easier to be magnetized along its long axis. This phenomenon is known as shape 

anisotropy. Shape anisotropy is predicted to produce the largest coercivity. For 

single-domain Fe particles, an increase of the aspect ratio from 1.1 to 1.5 with the 

easy axis aligned along the field results in a four-fold increase of coercivity. An 

increase in the aspect ratio to 5 additionally doubles the coercivity.  

Anisotropy can also be induced by a treatment, such as annealing in the presence of 

a magnetic field, by plastic deformation or ion beam irradiation. Most materials in 

which magnetic anisotropy can be induced are polycrystalline alloys. Stress 

anisotropy results from external or internal stress generated upon rapid cooling, 

external pressure, etc. Exchange anisotropy occurs when a ferromagnet is in close 

contact to an antiferromagnet or a ferrimagnet. A preferential direction in the 

ferromagnetic phase can be created due to the occurrence of a magnetic coupling at 

the interface.  
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E. Influence of particle size on coercivity. Single domain particles 

 

Figure 1.6: Size dependence of coercivity in magnetic nanoparticles.  

Magnetic domains—defined, as aforementioned, as small regions of material 

comprising groups of spins aligned parallel to each other and acting cooperatively—

are separated by domain walls, which have a characteristic width and formation 

energy. Experimental investigations[95] on the dependence of coercivity on the 

particle size or volume of studied ferromagnetic material show a behavior similar to 

the one schematically illustrated in Figure 1.6. In large particles, the formation of 

domain walls is energetically favorable. As particle size is reduced and approaches 

the critical particle size, Dc, the formation of domain walls becomes unfavorable and 

the particle is referred to a “single domain particle”. Changes of magnetization can 

no longer occur through domain wall propagation and magnetization reversal occurs 

by coherent rotation, resulting in a maximum coercivity value. Thereafter, when the 

particle size is further reduced below the single domain size, spins become strongly 

influenced by the thermofluctuations and the coercivity falls to zero, since thermal 

energy overcomes the anisotropy energy. This occurs at the so-called 
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superparamagnetic limit. Reviews on single domain particles were published by 

Bean and Livingston[96], Brown[97], Wohlfarth[98], Jacobs and Kneller[99], etc. 

Theoretical predictions were made by Frenkel and Dorfman[100].   

F. Types of magnetic nanocomposites and overview of their magnetic properties 

Depending on the physical mechanisms responsible for the magnetic behavior in 

nanostructured materials, different “nanostructured morphologies” can be 

distinguished. This classification was proposed by Rieke[101]. There are two extreme 

regimes. On the one hand, one can find systems consisting of isolated magnetic 

particles with nanoscale diameter embedded in a non-magnetic medium (type a 

systems, Figure 1.7a). These non-interacting systems derive their unique magnetic 

properties strictly from the reduced size of the components, with no contribution 

from interparticle interactions. To avoid these interactions, the particles need to be 

well dispersed in the matrix. On the other hand, there are bulk nanostructured 

magnetic materials with nanoscale structure (type d in Figure 1.7d), in which a 

significant fraction (up to 50%) of the sample volume is composed of grain 

boundaries and interfaces. Contrary to type a systems, magnetic properties here are 

dominated by the interactions. The length scale of the interactions can span many 

grains and it is critically dependent on the character of the interface. The 

predominance of interactions and grain boundaries in type d nanostructures means 

that their magnetic behavior cannot be predicted simply by applying theories used 

for polycrystalline materials with reduced length scales but, instead, their magnetic 

response is more complex. 

The magnetic behavior of most experimentally realizable systems is the sum of 

contributions of both interaction and size effects. Classification of materials 

according to dimensionality is useful from the viewpoint of structural-related 

properties. However, an alternative classification is suggested to properly describe 

magnetic materials. Figure 1.7 schematically shows four categories of 

nanostructured magnetic materials ranging from non-interacting particles (type a) 

for which the magnetization is determined strictly by size effects, to fine-grained 

bulk structures, in which interactions dominate the magnetic properties. Two forms 

of each of these types are indicated: the ideal type a material is one in which the 
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particles are separated from each other and can be treated as non-interacting. 

Ferrofluids, in which long surfactant molecules provide separation of particles, are a 

subset of type a. Type d materials may be single phase, in which both the crystalline 

and the noncrystalline fractions of the material are chemically identical, or they may 

consist of multiple phases. Intermediate forms include ultrafine particles with core-

shell morphology (type b), as well as nanocomposite materials (type c) in which two 

chemically dissimilar materials are combined. In type b particles, the presence of a 

shell can help prevent particle-particle interactions, but often at the cost of 

interactions between the core and the shell. In many cases, the shells are formed via 

oxidation and may themselves be magnetic. Type c nanocomposites consist of 

magnetic particles distributed throughout a matrix, and the magnetic interactions 

are determined by the volume fraction of the magnetic particles and the character 

of the matrix. 

 

Figure 1.7: Schematic representation of the different types of magnetic 

nanostructured materials.  

1.3.2 Applications  

Over the years, magnetic materials have found a wide range of technological 

applications, some of them very well-known (permanent magnets in loudspeakers 

and headphones, hard disks of computers, cores of electric transformers, etc.), and 

others less well-known (such as drug delivery systems, wirelessly actuated robotic 
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platforms, beam guides in synchrotrons, etc.). Here emphasis is put on two different 

applications that are representative of the types of materials studied in this Thesis: 

magnetic targeted drug delivery systems and magnetic recording. 

A. Magnetic targeted drug delivery system 

The concept of “drug delivery” was first proposed by Freeman[102] who stated that 

fine iron particles can be transported through the vascular system and be 

concentrated at a particular region of the body with the aid of an external magnetic 

field. In this way, nanostructured magnetic materials can be used to deliver drugs or 

antibodies to the organs or tissues altered by diseases. The process of drug 

localization using magnetic delivery systems is based on the competition between 

forces exerted on the nanostructured magnetic materials by blood compartment 

(dragging forces), and magnetic forces associated with torques generated by the 

magnets. Controlled drug delivery systems can be specially designed to obtain the 

desired effects on target sites by combination of carrier materials and carried drugs, 

thus avoiding the serious concerns associated with generalized chemotherapy.  

Many drug carriers[103-108] including dendrimers, micelles, emulsions, organic and 

inorganic micro- and nanoparticulated systems, nanowires, nanotubes, liposomes, 

virosomes, metal-organic frameworks (MOF), hydrogels, and polyelectrolyte 

multilayer, have been described in the literature. Many of them can be engineered 

to contain multiple tags (chromophores, optical or magnetic responsive 

nanoparticles, to name a few) together with the carried drug for both imaging/cell 

trafficking and therapy. Porous materials[109] can serve as drug carriers as well. Their 

large inner surface areas, high surface-to-volume ratio, large pore volumes, tunable 

pore size and well-known possibilities of pore-wall functionalization allow them to 

host in their interior a wide variety of drugs and molecules. The large inner surface 

area permits the adsorption of large amounts of drugs or biomolecules because 

adsorption is a surface-based phenomenon. Moreover, these structured porous 

materials can be configured as micro- and nanoparticulated systems, fibers, 

monoliths, coatings, etc., hence opening up their application in diverse medical 

fields. Moreover, new developments in nanodrug delivery suggest that nanowires[110] 

coated with drugs could effectively deliver drugs into cells or organs. These 
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nanowires could even penetrate intracellularly and, in some cases, be delivered into 

a biological system for cell repair or therapeutic activities.  

Nanostructured magnetic materials for drug delivery applications must possess 

some specific characteristics[111]. The first requirement is often to display a 

superparamagnetic behavior. Superparamagnetism is preferred because once the 

external magnetic field is removed, magnetization disappears (negligible remanence 

and coercivity), and thus agglomeration (and therefore possible problems like 

embolization or thrombosis of capillary vessels) can be avoided. Another key 

requirement is the biodegradability or intact excretion of the magnetic drug carrier. 

For non-biodegradable cases, a specific coating is needed to avoid exposure and 

leach of the magnetic drug carrier and to facilitate intact excretion through the 

kidney, so that the half-life of the agent in the blood is determined by the 

glomerular filtration rate.   

B. Magnetic recording 

Magnetic materials have long served as dependable media for digital data storage 

and have efficiently served as basis for audio and video recording. Magnetic 

recording technology has constantly evolved to achieve consistent areal density 

growth. As longitudinal recording has reached its limit, perpendicular recording 

technology has taken over[112-113]. At really high densities, tight control of the media 

microstructure, especially grain size, grain size dispersion, and chemical isolation to 

avoid exchange and dipolar interactions are necessary, in order to keep the media 

noise within acceptable limits. Materials with high uniaxial magnetocrystalline 

anisotropy are attractive for ultra-high-density magnetic recording applications 

because they allow smaller, thermally stable media grains while circumventing the 

superparamagnetic limit. Indeed, the search for higher magnetic recording densities 

pursues particle sizes that are < 10 nm. With such small particle size, high 

magnetocrystalline anisotropy is needed to avoid thermal and field fluctuations that 

can destroy the magnetization in recorded locations. Particle-dispersed recording 

systems are also possible targets for future magneto-optical data storage. For the 

particulates, high magnetization is crucial, because it determines the strength of the 

magnetic stray field detected during read processes. Alloys have advantages in this 
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regard and encapsulation in medium (matrix) can solve several problems associated 

with chemical stability of the particulates. Nanocomposites, e.g., metal/carbon, 

metal/oxide, or immiscible metal/metal mixtures, are prospective routes toward 

generating < 10 nm granular structures, which are needed for ultrahigh density 

recording. Much work has been reported on nanocrystalline rare-earth transition-

metal films, most prominently Co5Sm- and Co17Sm2- based films.  

 

Figure 1.8: a) Patterned medium with in-plane magnetization. The single-domain 

bits are defined with lateral size “p”. They can be polycrystalline (as indicated by 

dotted lines) with exchange coupling, or single crystal. b) patterned medium with 

perpendicular magnetization. Binary “1” and “0” are shown. 

Patterned media[114], in which data is stored in an array of single-domain magnetic 

particles is necessary to overcome the thermal instability and to enable recording 

densities of up to 1 Tbit in-2. Schematically shown in Figure 1.8 is a patterned 

recording medium that consists of a regular array of magnetic elements, each of 

which has uniaxial magnetic anisotropy. The easy axis can be oriented parallel or 
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perpendicular to the substrate. Each element stores one bit, depending on the 

direction of its magnetization state. Unlike thin film media, the grains within each 

patterned element are coupled so that the entire element behaves as a single 

magnetic domain. Particle arrays with deep sub-micron feature sizes are too small to 

be fabricated using conventional optical lithography. Instead, a range of 

nanolithography techniques has been used to make prototype structures, including 

electron-beam, X-ray, imprint, and interference lithographies. Arrays of magnetic 

particles can also be synthesized by using self-organized templates. These templates 

can possess an ordered structure whose period may be smaller than that achievable 

through lithography. The template is then used as a mask for the etching of a 

magnetic material or as a mold for deposition of magnetic material. Same deposition 

techniques can be applied for lithography and template growth techniques. Self-

assembly methods have also been developed in which magnetic particles are 

synthesized chemically and assembled as a close-packed monolayer on a surface. 

Structures with period of order 10 nm can be made, a feature size that is beyond 

that of most lithography techniques.  

1.4 Surface related properties 

1.4.1 Wettability  

Wettability is the ability of a liquid to maintain contact with a solid surface. It is 

governed by the occurrence of intermolecular interactions when the two are 

brought together. The degree of wettability is determined by a force balance 

between adhesive and cohesive forces. The topic of wettability has received 

tremendous interest from both fundamental and applied points of view. It plays an 

important role in many industrial processes, such as oil recovery, lubrication, liquid 

coating, printing, and spray quenching[115-119]. Wettability involves the three phases 

of matter: gas, liquid and solid. In recent years, there has been an increasing interest 

in the study of superhydrophobic surfaces, due to their potential applications in self-

cleaning, nanofluidics, and electrowetting[120-124]. Wettability studies usually involve 

the measurement of contact angles as the primary data, which indicate the degree 

of wetting when a solid and liquid interact.  
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A. Contact angle and surface tension 

Contact angle is the angle that a liquid creates with a solid surface or the capillary 

walls of a porous material when both materials come in contact together. Adhesive 

forces between liquid and solid make the liquid drop to spread across the solid 

surface. Likewise, cohesive forces within the liquid make the drop to ball up and to 

avoid contact with the surface. Consider a liquid drop resting on a flat, horizontal 

solid surface (Figure 1.9). A small contact angle is observed when the liquid spreads 

on the surface, while a large contact angle is observed when the liquid beads on the 

surface. More specifically, a contact angle below 90° indicates that wetting of the 

surface is favorable, and the fluid will spread over a large area on the surface. 

Meanwhile a non-wetting liquid creates a contact angle between 90° and 180° with 

the solid surface and forms compact liquid droplets. For example, complete wetting 

occurs when the contact angle is 0°, as the droplet turns into a flat puddle. For 

superhydrophobic surfaces, water contact angles are usually greater than 150°, 

showing almost no contact between the liquid drop and the surface, which can be 

rationalized by the “lotus effect”[125]. Furthermore, contact angles are not limited to 

the liquid or vapor interface on a solid; they are also applicable to the liquid-liquid 

interface on a solid.  

 

Figure 1.9: Schematic illustrations of the contact angle formed by sessile liquid drops 

on a smooth homogeneous solid surface. (Taken from Surface Science Techniques, 

Springer Series in Surface Science 51, DOI: 10.1007/978-3-642-34243.1_1, 2013) 

The cohesive forces between liquid molecules are responsible for the phenomenon 

known as surface tension. Ideally, it determines the shape of a liquid. In a pure liquid, 

each molecule in the bulk is pulled equally in every direction by neighboring liquid 
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molecules, resulting in a zero net force. However, the molecules exposed at the  

surface do not have neighboring molecules in all directions to provide a balanced 

net force. Instead, they are pulled inward by the neighboring molecules (Figure 1.10), 

creating an internal pressure. As a result, the liquid voluntarily contracts its surface 

area to maintain the lowest surface free energy. Small droplets and bubbles are 

usually spherical, which will minimize the surface area for a fixed volume. The 

intermolecular force is called surface tension, and it is responsible for the shape of 

the liquid droplets. In practice, the contact angle is determined by a combination of 

surface tension and external force (usually gravity)[126].   

 

Figure 1.10: Surface tension is caused by the unbalanced forces of liquid molecules 

at the surface. (Taken from Surface Science Techniques, Springer Series in Surface 

Science 51, DOI: 10.1007/978-3-642-34243.1_1, 2013) 

B. High-energy and low-energy surfaces 

Traditionally, solid surfaces have been divided into high-energy solids and low-

energy solids. The relative energy of a solid has to do with the bulk nature of the 

solid itself. Solids such as metals, glasses, and ceramics are known as “hard solids”, 

because the chemical bonds that hold them together (metallic, covalent or ionic) are 

very strong. Thus, it takes a large input of energy to break these solids. They are 

termed as “high-energy” solids. Most molecular liquids achieve complete wetting 

with high-energy surfaces. 

The other type of solids is weak molecular crystals (e.g. fluorocarbons, hydrocarbons, 

etc.) where the molecules are held together essentially by physical forces, such as 

van de Waals and hydrogen bonds. Therefore these materials are termed as “low-

energy” solids. Depending on the type of liquid chosen, low-energy surfaces can 
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permit either complete or partial wetting[127]. It is possible to predict the wettability 

of a surface if the critical surface tension of the solid is known. Besides, wettability is 

also determined by the outermost chemical groups of the solid. Differences in 

wettability between surfaces that are similar in structure are due to differences in 

the packing of atoms. For instance, if a surface has branched chains, it will have 

poorer packing than a surface with straight chains.  

C. Contact angle measurement of rough surfaces 

The wetting behavior of rough surfaces is a complex phenomenon, since contact 

angle varies with porosity, roughness and wall morphology. The relationship 

between roughness and wettability was described by Wenzel[128] in 1936, who 

stated that any change in wettability caused by increasing surface roughness 

depends on the chemical nature of the surface. For example, ”spontaneous” liquid 

penetration might occur if the actual solid favors wetting. The liquid fills the voids 

beneath and thus occupies larger surface area (Figure 1.11). In cases where the 

liquid does not penetrate into the grooves, the Wenzel’s theory cannot be applied. A 

liquid drop in Cassie[129] state, as illustrated in Figure 1.11, rests upon the asperities 

with gas pockets trapped in the voids. In turn, the contact surface area is lower than 

it would be for a droplet of the same volume on either a flat or a rough surface in 

Wenzel state. It has been found that a real Cassie state can be achieved, i.e. no 

penetration of liquid into the voids, if surface morphology is carefully designed [130].  

 

Figure 1.11: Schematic representation of a liquid droplet on a rough surface, 

following the Cassie state and Wenzel state. (Taken from Raméhart instrument 

website) 
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1.4.2 Electrocatalysis 

Hydrogen evolution reaction (HER) on different metals in acidic or alkaline media is 

one of the most investigated reactions in the field of electrochemistry. HER is 

currently receiving considerable attention because: i) hydrogen is an interesting 

candidate as an energy carrier for future fuel cells applications, ii) it is one of the 

main reaction products in chlorine production, iii) HER supplies highly pure hydrogen. 

For the case of HER in acidic or neutral electrolyte, processes that occur at the 

surface of electrodes are described as follows[131]:  

Cathode: 4H3O+ + 4e– → 4H2O + 2H2                                                                                                          q 

Anode: 6H2O → 4H3O+ + O2 + 4e–                                                                                                                 
q 

Net: 2H2O → 2H2 + O2 + Heat                                                                                   q 

When the process takes place in an alkaline electrolyte, electrochemical reactions 

occurring at the cathode and anode are[132]:  

Cathode: 2H2O + 2e– → 2OH– + H2                                                                                                                 q 

Anode: 2OH– → ½O2 + H2O + 2e–                                                                                                                 q 

Of course the sum will lead to the same net reaction as that described in acidic 

media. The reaction rate has been proven to be faster in acidic electrolyte than in 

alkaline solution, due to the higher facility to extract hydrogen atoms from H3O+ 

(acid solution) than H2O (alkaline solution). However, for the specific case of alkaline 

electrolyte, where a strong base is used, hydroxide anions are transported from the 

electrolyte to the anode surface, where they lose electrons. Although Pt and Pt 

alloys are by far the best HER catalysts, the high price of Pt ores has persuaded the 

research community to look for cheaper and more abundant alternatives. For 

example, Ni[133] and its alloys are popular choices for HER in alkaline solution 

because of their low-cost, good activity and availability. To enhance conductivity, 

the electrolyte usually consists of high-mobility ions. Potassium hydroxide is 

normally used, which in turn avoids corrosion problems caused by acid electrolytes.  
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A. Porous bimetallic catalysts for HER 

For HER, bimetallic electrodes are normally employed. Electrode materials selected 

should have good corrosion resistance, high conductivity, high catalytic effect, and 

low price[134]. Endowing bimetallic materials with high surface area is of paramount 

importance for HER applications. He and co-workers[135] studied the influence of 

electrolyte concentration and temperature on the HER behavior of porous Ni3Al 

bimetallic electrodes. Lu et al.[136] successfully synthesized nanoporous Cu-Ti 

bimetallic electrocatalyst, which is able to produce hydrogen from water under a 

mild overpotential at more than twice the rate of the carbon-supported Pt catalyst. 

García-Anton and co-workers[137] compared the HER  behavior of porous CoNi with 

Ni in alkaline solution. It was shown that the presence of Co improves the intrinsic 

catalytic behavior of electrode, especially at high temperature. Tungsten and 

molybdenum[138] were also individually combined with Ni to evaluate the synergy 

effect of these metals (i.e., Ni-W and Ni-Mo) in the HER activity. In any case, it is 

difficult to predict the HER activity of bimetallic porous materials. Research in the 

HER electrodes development has focused on several areas of interest: i) intrinsic 

nature of the reaction, ii) electrode composition, iii) surface morphology (including 

surface area), iv) structure, chemical and electronic properties, and v) physical, 

chemical and electrochemical activation treatments. 

1.4.3 Photoluminescence  

The photoluminescence (PL) technique has been widely used to investigate the 

structure and properties of the active sites on the surface of metal oxides and 

zeolites. Compared to other characterization techniques, PL possesses high 

sensitivity and it is non-destructive. Also, PL technique has been applied to the 

photocatalysis field for understanding surface processes occurring on 

semiconductors. Information such as surface oxygen vacancies and defects, 

efficiency of charge carrier trapping, migration and transfer can be obtained from PL 

measurements in order to describe the electronic structure, optical and 

photochemical properties of semiconductor materials. It is well-known that PL 

signals in semiconductor materials result from the recombination of photo-induced 

charge carriers. In general, the lower the PL intensity, the lower the recombination 
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rate of photo-induced electron-hole pairs, and the higher the photocatalytic activity 

of semiconductor photocatalysts.  

A. PL mechanism of semiconductor materials 

Semiconductors are characterized by an electronic band structure in which the 

highest-occupied energy band, called valence band (VB), and the lowest-occupied 

energy band, called conduction band (CB), are separated by a band gap, i.e. region 

of forbidden energies[139-141]. Figure 1.12 shows the main photophysical processes 

for a semiconductor excited by light with an energy value not less than the band gap 

energy. Here, only the PL phenomena of excited energy higher or equal to the band 

gap energy of semiconductor are represented. Four main processes occur[142]. 

Process I is the photo-excited process in which the electrons from the VB are 

promoted to the CB to reach different excited states, with simultaneous generation 

of holes (h+) in the VB under irradiation. However, the excited electrons in the CB 

easily come back to the VB via a certain path to recombine with holes, since they are 

very unstable. During the recombination process, a certain amount of chemical 

energy can be released, which would further transform possibly to heat or to light 

energy. The light energy can be dissipated as radiation, which results in a 

luminescence emission of semiconductor materials, called the PL phenomenon. In 

fact, the excited with different energy levels in the CB easily transfer firstly to the CB 

bottom via non-radiative transitions; subsequently, processes II, III, IV will possibly 

occur. Process II is the band-band PL process in which the electron transitions from 

the CB bottom to the VB top can take place, with simultaneous release of energy as 

radiation. Process III is the excitonic PL process in which the non-radiative transitions 

of excited electrons from the CB bottom to different sub-bands (or surface states) 

occur first, and subsequent radiative transitions from the sub-band to the VB top 

can take place. In addition, the excited electrons at the bottom of the CB can come 

back to the VB directly or indirectly by non-radiative transitions, this being process 

IV. In fact, only photophysical process II and III can give rise to PL phenomena. The 

former is attributed to the band-band PL, and the latter is attributed to the excitonic 

PL. According to PL attributes, the band-band PL spectrum can directly reflect the 

separation situation of photo-induced charge carriers, viz. the stronger the band-
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band PL signal, the higher the recombination rate of photo-induced carriers. The 

excitonic PL spectrum cannot directly reflect the separation situation of photo-

induced carriers. Instead, it provides some important information about surface 

defects, oxygen vacancies and surface states, which can strongly affect 

photocatalytic reactions.  

 

Figure 1.12: Main photophysical processes of a semiconductor excited by light with 

equal or higher energy than the band gap energy (I–photo-excited process; II–band-

band PL process; III–excitonic PL process; IV–non-radiative transition process). 

1.4.4  Photocatalysis 

Photocatalysis is the science of employing catalysts utilized for speeding up chemical 

reactions that require or engage light. A photocatalyst is capable of absorbing light, 

producing electron-hole pairs that enable chemical transformations of the reaction 

participants and regenerate its chemical composition after each cycle of such 

interactions. The main attributes of a photocatalytic system are a suitable band gap 

and morphology, high surface area, stability and reusability. Semiconductors such as 

TiO2, ZnO, WO3, CdS, ZnS, SrTiO3, SnO2, WSe2, Fe2O3, etc. are commonly used as 

photocatalysts. When a semiconductor is irradiated with light of energy higher or 

equal to the band gap energy, an electron from the VB is excited to the CB with 

simultaneous generation of a h+ in the VB. The ecb
–and hvb

+ can recombine on the 
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surface or in the bulk of the particle in a few nanoseconds, or can be separated 

under the built-in electric field to transfer to different positions on the surfaces to 

react with donor (D) or acceptor (A) species adsorbed on or close to the surfaces. 

Thereby, subsequent anodic and cathodic redox reactions can be initiated. Figure 

1.13 shows the schematic diagram of the photocatalytic reaction on an illuminated 

semiconductor particle. The photoelectron, which has a strong reducing power, is 

easily trapped by electronic acceptors like adsorbed O2, to further produce 

superoxide radical anion (O2
–). The more negative is the energy level of the CB 

bottom, the stronger is the reducing power of photo-induced electrons. However, 

the photo-induced holes have a strong oxidizing power, which make them to be 

easily trapped by electronic donors, such as organic pollutants. As a result, these 

organic pollutants oxidize. The more positive the energy level of the VB top, the 

stronger the oxidizing power of photo-induced holes. The photocatalytic reaction is 

a kind of special photochemical process. The separation and recombination of the 

photo-induced charge carriers are in competing processes, and the photocatalytic 

reaction is effective only when photo-induced electrons and holes are trapped on 

the surface. Therefore, the dynamic behaviors of photo-induced charge carriers, 

such as transfer, capture, separation and recombination, can greatly affect 

photocatalytic activity of semiconductor materials.  

 

Figure 1.13 Schematic diagram of photocatalytic reaction on an illuminated 

semiconductor particle.  
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1.5 State-of-the art on electrodeposited magnetic Ni–containing 

porous films and multi-segmented nanowires  

1.5.1 Electrodeposited Ni-containing porous films  

As aforementioned, evolution of hydrogen gas accompanying electrodeposition can 

be used to produce porous deposits. A pioneering work exploiting this concept was 

presented by Marozzi and Chialvo, dating back to 2000-2001[32,33]. These authors 

prepared porous Ni films by electrodeposition, and demonstrated that the 

morphology of the Ni films was greatly determined by hydrogen co-evolution. 

Several research groups then sought to extend the concept to other materials. In 

2003, Liu and Shin[143] synthesized 3D nanoramified Cu and Sn porous films using 

hydrogen bubbles as a source of porosity. A similar work on porous Cu films from 

the same group[144] proved that surfactants and additives critically affect hydrogen 

bubble behavior. Acetic acid was utilized as a bubble stabilizer, and chloride ions, 

current density, and acidity were shown to modify the morphology to some extent. 

Detailed overviews on the formation of porous Cu were published by Nikolic and co-

workers[145,146]. Co-deposition of Cu and Ni over a wide range of Cu/Ni ratios was 

performed by Mattarozzi and Cattarin[147,148]. However, both magnetic and 

wettability properties of the resulting deposits were overlooked.  

Porous Ni was also electrodeposited into the voids of a microporous polymer matrix 

template[149]. Subsequent heat treatment eliminated the polymer, leaving the 

microporous Ni film behind. The preparation of nanoporous magnetic films using LLC 

phases as template has been much less explored. Brij 56 and Pluronic P123 

surfactants were used by Treiner and Chevalet[150] to produce nanoporous Ni by 

electrodeposition.  

An interesting variation of this idea was proposed by Xia et al.,[151,152] who coated a 

porous Ni film with a porous silica network by magnetron sputtering. Other systems 

involving porous Ni as a matrix to host secondary materials include Ni/Co(OH)2 and 

Ni/Fe3O4. Pérez-Herranz et al.[153] deposited Ni on top of porous Cu films. In these 

three cases, the porous framework (porous Cu and Ni) provided sufficient 
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mechanical strength to support the coating layer. Yet, the conformal deposition of a 

thin layer on top of this type of porous structures has not been reported.  

1.5.2 Electrodeposited magnetic multi-segmented nanowires  

Since the discovery of giant magnetoresistance (GMR) in Fe/Cr multilayer 

films[154,155], many efforts have been directed toward the synthesis of magnetic/non-

magnetic multilayers. Advances in the field of magnetic multilayer films 

electrodeposition have to be mostly attributed to Yahalom and Zadok[156]. Soon after 

the electrodeposition of nanowires made of magnetic metals and alloys became a 

reality, electroplaters sought to fabricate nanowires featuring multiple segments. In 

1994, Blondel et al.[157] electrodeposited Co/Cu multi-segmented nanowires into 

track-etched membranes, thus favoring the GMR technology welcome to 1D 

nanostructures. Almost simultaneously, Liu et al.[158] reported on the GMR 

properties of Co/Cu multi-segmented nanowires. In both Blondel and Liu’s works, 

control over the segments lengths was accomplished by tuning the 

electrodeposition time. Another work related to Co/Cu multi-segmented nanowires 

was published by Tang and co-workers[159], in which the deposited charge rather 

than the deposition time was used to tune segments length. Since then, many other 

bi-segmented nanowires have been synthesized by pulse electrodeposition method, 

referred to as potential modulated multilayer deposition (PMMD)[160]. Systems in 

the A1-xBx/B form, for which B is more noble than A, can be electrodeposited from 

the same electrolyte, as the B ions are discharged more easily[160]. This occurs when 

the difference in equilibrium potentials of A and B is sufficiently large (typically > 0.4 

V) and the concentration of the more noble metal ions is significant lower. Multi-

segments with a bilayer repeat unit of the form AxB1-x/AyB1-y can also be synthesized 

from a single electrolyte[161]. Systems include Ni/Cu[162], CoNi/Cu[163], NiFe/Cu[164], 

Ag/Co[165], Fe/FeAu[166], Co/CoPt3
[167] and others. Later on, trisegmented nanowires 

Ni/NiO/Co[168] were fabricated to study the magnetic tunnel junctions. A quick 

anodization of Ni segment was carried out in alkaline solution to obtain the oxide 

layer and tunneling magnetoresistance was observed. In 2007, Co/Cu/Co[169] 

nanowires were electrodeposited in an alumina nanoporous template to study the 

spin momentum transfer effects. The same year, a group from University of 
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California San Diego showed the fabrication of soft/hard composite nanowire arrays 

of Ni/CoPt[170] using AAO template-assisted electrodeposition. In this case, Ni and 

CoPt segments were strongly magnetically coupled.  

In spite of the literature related to electrodeposition of magnetic multi-segmented 

nanowires, studies on the synergy and interfacial interaction effects between the 

different segments are still limited, so there is much room to explore. Also, once 

released from the template or detached from the substrate, agglomeration and 

robustness of these multi-segmented nanowires need to be seriously taken into 

consideration for practical uses. A study on the quality of Co/Au[171] was published in 

2014, in which Au/Co/Au nanowires were electrodeposited in AAO template using 

two different electrolytes (dual-bath electrodeposition). The texture and crystalline 

structure of Co segments was shown to greatly determine the quality of the 

junctions. 
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 1.6 Objectives 

Electrochemical processing methods and Ni-containing materials are at the core of 

this Thesis. On the one hand, Ni-containing materials with novel geometries and 

configurations (e.g. spongy films and segmented nanowires) are prepared and 

characterized, with special emphasis on their magnetic properties. On the other 

hand, this Thesis also seeks to demonstrate that electrodeposition can be smartly 

combined with other techniques to produce exotic nanocomposites which are not 

straightforward through other processing techniques. 

The goals of this Thesis can be summarized as follows:  

(I) Growth of Cu-Ni magnetic metallic foams by hydrogen bubble-assisted 

electrodeposition in an acidic electrolyte. The main purpose is to establish the 

correlations among chemical composition, morphology, and crystallographic 

structure of the prepared spongy Cu-Ni films with their magnetic behavior, 

wettability and catalytic activity toward hydrogen evolution reaction in alkaline 

media.  

(II) Electrodeposition of multi-segmented magnetic nanowires consisting of two 

ferromagnetic segments (CoPt and Ni) with dissimilar coercivity separated by a 

nonmagnetic spacer (Cu). The main purpose is to modify on-demand the relative 

length of the soft (Ni) and hard magnetic (CoPt) segments in order to assess their 

impact on the room-temperature magnetic properties. The influence of the 

crystallographic texture of each segment on the quality of the junctions is also 

investigated. Another goal is to evaluate from a theoretical point of view the degree 

of magnetic dipolar interactions between neighboring nanowires and to establish 

the most suitable conditions to minimize their agglomeration in bodily fluids and 

their eventual use for multibit magnetic recording. 

(III) Coating of electrodeposited magnetic porous Ni-containing films with transition 

metal oxides. The main objective is to coat electroplated 3D porous magnetic Ni-

containing films achieved in (I) with transition metal oxides using either gas or liquid 

precursors. The possibility to cover porous pure Ni and CuNi films with ZnO, Al2O3 
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and cobalt ferrite by either simple (sol-gel) or more sophisticated (atomic layer 

deposition) methods is investigated. The second goal is to explore the physical (e.g. 

magnetic) and physicochemical (e.g. photocatalytic activity, wettability) properties 

of the resulting nanocomposites, achieved through the synergetic combination of 

the properties of the Ni-based scaffold and the coated layer. 

(IV) Preparation of nanoporous pure Ni films with graded porosity through self-

organized template-assisted electrodeposition and characterization of their 

nanomechanical properties. The main goal is to investigate the thickness dependent 

nanomechanical performance of nanoporous Ni films prepared from a block-

copolymer containing electrolyte.  
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Chapter 2 Experimental 
techniques 

In this chapter we describe the fundamentals of the main techniques used to study 

the morphology, structure, physical (magnetic, mechanical) and (electro)chemical 

(wettability, electrocatalytic hydrogen evolution) properties of the as-prepared 

materials.  
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2.1 Electrochemical set-up 

2.1.1 Apparatus  

Electrochemical experiments (mostly involving materials electrodeposition and HER 

tests) were carried out on a PGSTAT302N Autolab potentiostat/galvanostat 

(Ecochemie) controlled with GPES software, which is shown in Figure 2.1. 

 

Figure 2.1: PGSTAT302N Autolab potentiostat/galvanostat. (Taken from Metrohm 

Autolab website) 

 

Figure 2.2: Electrochemical cell in three-electrode configuration (courtesy of Dr. S. 

Pané).  
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2.1.2 Cell and electrodes 

All experiments were performed in a single-compartment, double-jacket glass 

electrochemical cell (Figure 2.2). To thermo-stabilize the electrochemical cell, 

JULABO refrigerated and heating circulators were used to heat and cool the 

electrochemical cell on-demand.  

A double junction AgAgCl 3M KCl electrode (E = + 0.210 V versus standard 

hydrogen electrode (SHE)) was utilized as the reference electrode. The outer 

solution was changed according to the electrolyte used. All potentials are referred to 

this electrode. A platinum wire was utilized as counter electrode, which was 

positioned vertically facing the working electrode.  

Depending on the electrochemical experiment, different working electrodes were 

selected. Each type of electrode has been treated and/or cleaned following a 

specific procedure in order to achieve reproducibility of experiments. The working 

electrodes used are: 

Au(125 nm)/Ti(25 nm)/Si substrates (Figure 2.3) of 5 mm x 10 mm. Ti and Au work as 

adhesion and seed layers, respectively. Before each deposition, the Au seed layer 

was cleaned with acetone, followed by diluted sulphuric acid and finally rinsed in 

water. The working area was always 0.25 cm-2, which was controlled by wrapping 

the unexposed surface with Teflon tape.  

Track-etched polycarbonate (PC) membrane (Nuclepore, Whatman) had an average 

nominal pore size of 30 nm (Figure 2.4a). This kind of membrane is hydrophilic in 

nature and was used for nanowires deposition. First, a thin conductive layer was 

sputtered onto one side of the PC to render it conductive. The PC was put in contact 

with a copper plate through the sputtered conductive thin film and held inside a 

plastic stationary holder (Figure 2.4b). A circular area of 3.14 cm2 was exposed to the 

electrolyte for deposition. Before deposition, the PC membrane was placed in an 

ultrasonicator for a couple of minutes to remove the air trapped inside the channels.  
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Figure 2.3: Schematic representation of Au (125 nm)/Ti (15 nm)/Si (100) electrode. 

 

Figure 2.4: a) PC membrane, b) plastic holder for PC membrane 

2.1.3 Electrochemical techniques 

A. Cyclic voltammetry (CV) 

CV is an electrochemical technique which involves measuring the current that 

develops in an electrochemical cell cyclically under conditions where potential 

exceeds the value predicted by the Nernst equation. In our case, CV was used to 

investigate the activity of Cu-Ni magnetic metallic foams towards HER. CVs were 

performed by cycling the potential between -1.0 V and -2.0 V at 50 mV s-1. 50 cycles 

of CV were run in order to assess materials’ stability.  

B. Linear sweep voltammetry (LSV)  

LSV is very similar to CV. In LSV, a fixed potential range is employed much like 

potential step measurements. Typically, in LSV the potential is scanned from a lower 

limit to an upper limit as shown in Figure 2.5a. The current response is plotted as a 

function of potential rather than time (Figure 2.5b). Both CV and LSV are really 

Si 
 

Ti (15 nm) 

Au (125 nm) 
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useful in electrochemistry. In some cases LSV is better suited. For example, in 

irreversible reactions CV will not give any additional data that LSV would show us.  

 

Figure 2.5: a) linear potential sweep, b) typical current-potential curve.  

2.2 Structural and morphological analysis techniques 

2.2.1 Scanning electron microscopy (SEM) 

SEM uses a focused beam of high-energy electrons to generate a variety of signals at 

the surface of solid specimens. The signals that derive from electron-sample 

interactions reveal information about the sample including external morphology, 

chemical composition, and crystalline structure and orientation of materials 

composing the sample (Figure 2.6)[1]. In most applications, data are collected over a 

selected area of the surface of the sample, and a 2-dimensional image is generated 

that displays spatial variations in these properties. SEM is also capable of 

performing analyses of selected point locations on the sample; this approach is 

especially useful in qualitatively or semi-quantitatively determining chemical 

compositions (using energy dispersive X-ray analyses -EDX), crystalline structure, and 

crystal orientations (using backscattered electrons).  

Morphological characterization of the nanostructured materials obtained was done 

on a HR-SEM Zeiss Merlin microscope equipped with EDX analysis data acquisition 

system (INCA). The observation of alloy deposits on Au/Ti/Si substrates was 

performed directly (no special preparation of specimens for observation was 

required). In the case of PC membrane based electrodeposition, specimens were 
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prepared via drop-casting a droplet of the as-grown nanowires previously 

suspended in chloroform onto an aluminum foil, and subsequently dried in air. 

 

Figure 2.6: Types of electrons and radiation generated inside the sample in a 

scanning electron microscope.  

2.2.2 Transmission electron microscope (TEM) 

TEM is a microscopy technique in which a beam of electrons is transmitted through 

an ultra-thin specimen, interacting with the specimen as it passes through it. The 

interactions (Figure 2.7) between the electrons and the atoms can be used to 

observe features such as the crystal structure and features in the structure itself like 

dislocations and grain boundaries. TEM can also be used to perform chemical 

analysis, to study the growth of layers, their composition, and defects in 

semiconductors. High resolution can be used to analyze the quality, shape, size and 

density of quantum wells, wires, and dots.  

Electrons interact strongly with atoms by elastic and inelastic scattering. The 

specimens must therefore be very thin depending on the density and elemental 

composition of the specimen and the resolution desired. Like SEM, specimen 
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preparation procedures are usually required like mechanical thinning, ion milling, etc. 

In our work, the diameter of the nanowires is rather small (100 nm) so that they 

were straightforwardly observed after dispersing them in chloroform in an 

ultrasonicator and depositing them onto a TEM grid. The TEM utilized in this study 

for nanowires characterization was a Jeol-JEM 2011 system with a field emission gun 

operating at 200 kV, located in the Serveis Cientificotècnics of Universitat de 

Barcelona. Electron energy loss spectra (EELS) were acquired in the 650-1150 eV 

energy loss range. In the case of porous Ni supported Al2O3 and Co2FeO4, samples 

was firstly embedded in a polymer and then small pieces were cut using a 

microtome apparatus. Finally, the thin slices were drop-casted onto a TEM grid. The 

TEM utilized in this case was a Tecnai F20 HRTEM/STEM microscope, located at 

Institut Català de Nanociència i Nanotecnologia.  

 

Figure 2.7: Scheme of the generation of the electrons signal in TEM (bottom part). 
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2.2.3 X-ray diffraction (XRD) 

XRD analysis is based on constructive interference of monochromatic X-rays and a 

crystalline sample. The X-rays are generated by a cathode ray tube, filtered to 

produce monochromatic radiation, collimated to concentrate, and directed toward 

the sample. The interaction of the incident X-rays with the sample produces 

constructive interference (and a diffracted beam) when conditions satisfy the 

Bragg’s Law: 

 nλ = 2d sinθ                                                                             q 

This law relates the wavelength of electromagnetic radiation to the diffraction angle 

and the lattice spacing in a crystalline sample. The characteristic X-ray diffraction 

pattern generated in a typical XRD analysis provides a unique “fingerprint” of the 

crystals present in the sample. When properly interpreted, by comparison with 

standard reference patterns and measurements, this fingerprint allows identification 

of the crystalline phases.  

X-ray diffraction patterns have been recorded on a Philips X´Pert diffractometer in 

Bragg-brentano geometry using Cu K radiation with wavelength proportion of I 

(K)/I (K) = 0.5 (K ÅKÅ). XRD patterns of Cu-Ni 

magnetic metallic foams were recorded in the range of 39-56 2 range (step size = 

0.03, step time = 2s). 2 range for CoPt/Cu/Ni and CoPt/Ni nanowires were 30-100 

(step size = 0.026, step time = 2000 s). Finally, the 2 range for porous Ni supported 

Al2O3 and Co2FeO4 was 30-55° 2 range (step size = 0.026°, step time = 1200 s). 

2.3 Vibrating sample magnetometry (VSM) 

VSM is a scientific instrument that measures magnetic properties. It was invented in 

1955 by Simon Foner at Lincoln laboratory MIT[2]. The principle of this 

magnetometer is to measure the electromotive force induced by a ferromagnetic 

sample when it is vibrating at a constant frequency, under the presence of static and 

uniform magnetic field. A VSM operates by first placing the sample to be studied in a 

constant magnetic field. If the sample is magnetic, this constant magnetic field will 
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magnetize it by aligning the magnetic domains, or the individual magnetic spins, 

with the field. The stronger the constant field, the larger the magnetization will be. 

The magnetic dipole moment of the sample will create a magnetic field around the 

sample, i. e. magnetic stray field. Since the sample is moving up and down, this 

magnetic stray field is changing as a function of time and can be sensed by a set of 

pick-up coils.  

The variations of the magnetic flux will cause an electric field in the pick-up coils 

according to Faraday’s law of induction. This current will be proportional to the 

magnetization of the sample. The greater the magnetization, the higher the induced 

current. The induction current is amplified by a transimpedance amplifier and lock-in 

amplifier. Using controlling and monitoring software, the system provides the value 

of the magnetization of the sample and its dependence on the strength of the 

magnetic field. A typical measurement of a sample is performed as follows: 

 The strength of the constant magnetic field is set 

 The sample begins to vibrate 

 The signal received from the probe is translated into a value for the magnetic 

moment of the sample 

 The strength of the constant magnetic field changes to a new value  

 The strength of the constant magnetic field reaches its new value 

 The signal from the probe again gets translated into a value for the 

magnetization of the sample 

  The constant magnetic field varies over a given range, and a plot of 

magnetization (M) versus magnetic field strength (H) is generated.  

Samples of porous Cu-Ni magnetic metallic foams and CoPt/Cu/Ni and CoPt/Ni 

nanowires were measured in an Oxford Instruments 1.2 VSM. The magnetic field 

was generated by an electromagnet, with poles of 177 mm in diameter. The gap 

between the two poles was of approximately 40 mm. Magnetic properties of porous 

Ni supported Al2O3 and Co2FeO4 samples were measured in a VSM from Micro-Sense 

at room temperature. Magnetic hysteresis loops were carried out up to 2 T. 
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2.4 Nanoindentation 

Nanoindentation tests allow extracting elastic modulus and hardness of the 

specimen material from load-displacement measurements. In general, the test 

involves a sequencial procedure of loading and unloading; both load (P) and 

displacement (h) of the tip are recorded during the test (Figure 2.8). This technique 

can applied to thin films or micro- and nanometric structures, in which the 

mechanical properties are derived directly from the loading-displacement curves at 

the beginning of the unloading segment using the method of Oliver and Pharr[3]. 

From the initial unloading slope, the contact stiffness, S, is determined as: 

  
  

  
                                                       q       

The value of S is evaluated based on its relationship with the contact area, A, and the 

reduced Young´s modulus, Er: 

   
 

  
                                                   q

Here, is a constant that depends on the geometry of the indenter (for Berkovich 

indenter, )[4] and Er is related to the Young’s moduli of the sample and the 

tip through: 

 

  
 

    

 
 

    
 

  
q

Where E and   denote, repectively, Young´s modulus and Poisson´s ratio of the 

sample, and the    and i are the corresponding values for the indenter. Note that 

for diamond tip,    = 1140 GPa and i = 0.07[4]. Hardness is calcuted from the 

following expression: 

  
    

 
                                                 q

Where PMax is the maximum load applied during nanoindentation. As shown from Eq. 

2.4, the determination of contact area (A) if of paramount importance to calculate H 

and E values.  
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Figure 2.8: a) Typical load-displacement nanoindentation curve. b) Schematic 

illustration of the indenter and specimen surface at full load and unload and the 

parameters characterizing the contact geometry[4].  

Nanoindentation experiments were performed in load-control mode, using a Ultra-

Micro Indentation System (UMIS) instrument from Fischer-Cripps Laboratories 

equipped with a Berkovich pyramidal-shaped diamond tip. The maximum applied 

load ranged from 2 to 25 mN. The thermal drift during the nanoindentation was kept 

below 0.05 nm s-1. At least 10 indents were performed at each maximum applied 

load to verify the accuracy of the indentation data. Corrections for the contact area 

(calibrated with a fused quartz specimen), instrument compliance, and initial 

penetration depth were applied.  
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Chapter 3: Results: Compilation of 
Articles 

In the following, the results derived from the thesis work are presented as a 

compilation of articles. An extended abstract is included before each of these 

articles. A general discussion of the results can be found in the articles themselves.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   Chapter 3: Results: compilation of articles 

80 
 

 

 

  



                                                                         Chapter 3: Results: compilation of articles 

81 
 

3.1 Electrodeposition of magnetic, superhydrophobic, non-stick, two-

phase Cu-Ni foam films and their enhanced performance for hydrogen 

evolution reaction in alkaline water media 

In this article we report on the electrodeposition of hierarchical micro/nanoporous 

two-phase Cu-Ni films, with tuneable composition and morphology, by taking 

advantage of hydrogen co-evolution as a source of porosity (i.e., hydrogen bubbles 

act as a dynamic template during electrodeposition). Cu and Ni deposit within the 

interstices left by the hydrogen bubbles. This results in porous films with highly 

interconnected nanodendritic walls. The influence of some deposition parameters 

on films’ morphology (by SEM), their composition (by EDX), and their structure (by 

XRD) are investigated. In turn, the resulting effects on their magnetic behavior (by 

VSM), wettability and electrocatalytic properties are explored. 

Morphological analyses reveal that the porous structure, including pore topology 

and spatial arrangement, is largely affected by the current density, the stirring rate, 

the total metal concentration and the molar ratio of cations in solution. Cu-Ni 

magnetic metallic foams with Ni contents ranging from 15 at% to 35 at% have been 

achieved by varying the current density. EDX mapping images show that Ni is mostly 

concentrated at the inner wall of the pores, while Cu forms the porous skeleton 

itself. XRD analyses indicate clear phase separation, which can be explained on the 

basis of: I) the low concentration of complexed cations in solution; II) difference in 

the nucleation rates of Cu and Ni; III) the existence of a miscibility gap; IV) lower free 

energy of Ni-rich regions compared with CuNi solid solution. Due to the occurrence 

of phase separation, the as-deposited Cu-rich films display a ferromagnetic behavior, 

with saturation magnetization (and coercivity) values that progressively increase 

(decrease) with the Ni content.  

Contact angle values beyond 150 are observed for aqueous NaCl droplets, likely 

due to the rough porous structure of the Cu-Ni films created by the hydrogen bubble 

template. In addition, when a NaCl droplet is slowly deposited onto the Cu-Ni foam 

film’s surface, it does not spread out the coating neither penetrates into it. Instead, 

it comes in contact with the outermost surface of the film, the syringe not being able 
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to completely extrude the liquid. Afterwards the whole droplet departs without any 

visual water residual left.  

To study the electrocatalytic activity of the deposited Cu-Ni foams towards HER, 

polarization curves are recorded in 1 M Ar-purged KOH solution at a sweeping rate 

of 50 mV s-1. For the sake of comparison, the electrocatalytic behavior of pure 

porous Cu and Ni metals are also tested. The as-prepared Cu-Ni foam films exhibit 

lower onset potentials and higher current densities than pure Cu and Ni coatings. 

Furthermore, the Cu85Ni15 sample shows the most promising hydrogen evolution 

properties, i.e. the smallest overpotential and the highest current density among all 

the samples. It is conjectured that the migration of H-adatoms from the Ni to the Cu 

centers and the subsequent desorption of molecular hydrogen desorption is 

favoured for this sample, partly because the size of their Ni clusters is smaller and 

thereby the distance between the adsorption and desorption sites is shorter.  
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Nanoscale 

ABSTRACT 

Two-phase Cu-Ni magnetic metallic foams (MMFs) with tunable composition have 

been prepared by electrodeposition taking advantage of hydrogen co-evolution as a 

source of porosity. It is observed that Ni tends to deposit inside the porous network 

defined by the Cu building blocks. Contact angle measurements reveal that the 

prepared porous films show a remarkable superhydrophobicity (contact angle values 

larger than 150) and a non-sticking property to aqueous droplets. This behavior is 

predominately ascribed to the morphology of the films – hierarchical 

micro/nanoporosity, wall thickness, and spatial arrangement. The electrochemical 

activity and stability towards hydrogen evolution reaction of the Cu-Ni MMFs has 

been investigated by cyclic voltammetry in 1 M KOH at 298 K, and the optimal Ni 

content is found to be 15 at%. Furthermore, all the foam-like films exhibit 

ferromagnetic behaviour due to the presence of the Ni-rich phase, with coercivity 

values ranging from 114 Oe to 300 Oe. From the technological point of view, the Cu-

Ni MMFs are promising candidates for magnetically-actuated micro/nano-

electromechanical systems (MEMS/NEMS) and micro/nanorobotic platforms with a 

large surface-area to volume ratio or in magnetic sensors or separators.  

 

1. Introduction 

Metallic foams (MFs) have received considerable attention within the scientific 

community because they show a number of interesting properties compared to fully 

dense materials: large surface area, light weight, higher catalytic activity, and 

absorbability of mechanical impacts, amongst others.1,2 This has prompted the use 

of MFs in several applications like electrocatalysts3, fuel cells4, batteries5, 

supercapacitors6, sensors7 and biomedical implants8. During the past few decades, 

tremendous efforts have been directed towards developing synthetic strategies for 

MFs with well controlled composition, morphology and spatial arrangement, such as 

de-alloying, modified polyol process, hard-templating, combustion synthesis and sol-

gel method.1,2 Strictly speaking, MFs are cellular structures made of a solid material, 

typically aluminum, that show a large porosity (75-95 % of the volume are voids). 
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The pores can be sealed (closed-cell foam) or can form an interconnected network 

(open-cell foam). Although the term ‘metallic foam’ was traditionally applied to a 

special class of cellular metals that originate from liquid-gas mixtures9, the term has 

expanded its meaning to cover porous metallic layers of any composition produced 

by other means. Electrodeposition using hydrogen bubbles as a dynamic template 

has attracted significant attention within the MF community since three-

dimensional (3D) self-supported metallic foams with highly porous walls can be 

straightforwardly obtained. Hydrogen is chosen not only because of its role as a ‘soft’ 

template, but also due to its low cost, low toxicity and, most importantly, needless 

of template removal, as typically required in other synthetic strategies. In fact, the 

hydrogen template assisted electrodeposition is a one-step method because 

hydrogen is automatically detached from the growing porous layer during the 

deposition process. Recent developments in the use of hydrogen evolution as a 

dynamic template have led to the production of several porous metals including Sn10, 

Cu11, Ni12, Ag13, Pt14 and Au15, intermetallic compounds like Cu6Sn5
16 or other bi-

metallic systems like Cu/Pd17. Interestingly, the rough porous structure created by 

the hydrogen bubble template provides a novel approach to build up hydrophobic or 

even superhydrophobic surfaces that mimic the lotus leaves in the nature word. For 

example, 3D porous Cu films with tunable hydrophobicity were successfully 

sculptured by Xia and co-workers via changing the pore size and the wall thickness.11 

Advanced synthetic routes to engineer magnetic materials with different 

nanoarchitectures has fostered the discovery of new magnetic phenomena and, in 

turn, expanded the range of applications of magnetic materials. In this context, 

magnetic MFs (MMFs) have shown to be appealing for magnetic micro/nano-

electromechanical systems (MEMS/NEMS) and in micro/nanorobotic platforms. For 

example, MMFs can navigate through wastewaters under the action of external 

magnetic fields and absorb a variety of oils from polluted water18. So far, a few 

ferromagnetic metals and alloys have been produced by electrodeposition using 

hydrogen bubbles as a source of porosity. For example, Tu19 and co-workers 

succeeded in the fabrication of 3D porous nano-Ni supported Si composite film using 

hydrogen bubbles as scaffold. Mattarozzi20 et al. produced Cu-Ni alloy layers with 
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interconnected porosity at large current density (–3 A cm–2) to promote vigorous 

hydrogen evolution, while Eugénio et al. fabricated phase-separated Cu-Ni films with 

non-interconnected rounded pores21. In these works, emphasis was laid on the 

electrochemical performance of the material (i.e., nano-Ni supported Si composite 

was applied in lithium-ion batteries and porous Cu-Ni was used in the reduction of 

nitrate ions in alkaline media and as electrode in supercapacitors). The magnetic 

properties of these MFs have been overlooked.  

Besides eventual ferromagnetic behavior, Cu-Ni system shows a number of 

interesting functional properties such as high corrosion resistance, improved 

malleability, excellent ductility and solderability22. In particular, the corrosion 

resistance of Cu-Ni alloys with 35-50 wt % Ni (referred to as Constantan) in chloride-

containing media is very high. This makes Cu-Ni material attractive for protective 

coatings in marine environments23-25. In addition, Cu-Ni exhibits antibiofouling25 and 

electrocatalytic properties26. For all these reasons, Cu-Ni has attracted the interest 

of electroplaters for more than 100 years27. The electrodeposition of either single-

phase or two-phase non-porous Cu-Ni deposits has been demonstrated in different 

electrolytic solutions28-31. From the magnetic point of view, Cu-Ni alloys show a 

paramagnetic-to-ferromagnetic transition. The threshold for ferromagnetism at 

room temperature is ca. 61 at% Ni29. Compared to fully dense (i.e., non-porous) Cu-

Ni films, the preparation of porous Cu-Ni by electrodeposition has been much less 

investigated20,21. Searson32 and co-workers have successfully developed porous 

core/shell Cu-Ni thin films by electrodeposition. The films featured columnar 

structures consisting of a Ni-rich shell and a Cu-rich core. They further proved that 

the driving force for phase separation was the miscibility gap and the different 

nucleation and growth rates of Cu and Ni33. Other strategies not relying on the direct 

electrosynthesis of Cu-Ni have been also pursued. Choi et al. prepared Cu-Ni foams 

with dendritic walls by electrodeposition onto nonconductive alumina coated with 

electroless Cu34. After heat-treatment in vacuum, the Cu layer was electrochemically 

etched. Very recently, a Cu-Ni foam was produced by Ni electrodeposition onto Cu-

coated foamed polyurethane followed by electrophoretic deposition of graphene 

nanosheets35. After thermal treatment, a material useful as a shield against 
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electromagnetic interference was obtained. Nevertheless, although the synthesis of 

Cu-Ni MFs has been already attempted, their magnetic properties have not been 

studied hitherto. 

From the aforementioned reasons, it is envisaged that the development of Cu-Ni 

MMFs combining tunable porosity (and in turn, superhydrophobicity) with tailored 

magnetic response emerges as a challenging engineering subject that could trigger 

the development of novel technological applications based on the multifunctional 

character of the Cu-Ni system. Compared to fully dense Cu-Ni, the porous networks 

make the material better suited as electrocatalyst and sensor whereas the magnetic 

properties could allow wireless actuation in magnetic MEMS/NEMS (e.g. self-

cleaning magnetic separators) or robotic platforms36,37.  

Herein, we present the synthesis of ferromagnetic Cu-Ni MFs by one-step 

galvanostatic electrodeposition from acidic electrolytic solutions containing Cu (II) 

and Ni (II) sulfate salts and acetic acid as hydrogen bubble stabilizer. The hydrogen 

bubble template is found to confine the nucleation events resulting in phase-

separated Cu-Ni MMFs. The effect of current density, [Cu(II)]/[Ni(II)] ratio in solution, 

and stirring rate on the alloy morphology and composition are systematically 

investigated. It is also shown that the Cu-Ni surfaces are superhydrophobic, with 

contact angle values greater than 150°. Furthermore, we demonstrate that the as-

prepared Cu-Ni MMFs exhibit improved electrocatalytic activity and high stability 

towards hydrogen evolution reaction (HER) in alkaline media. 

 

2. Experimental procedure 

2.1 Synthesis of Cu-Ni MMFs 

All depositions were carried out in a single-compartment, double-jacketed glass 

electrochemical cell. Si/Ti (25 nm)/Au (125 nm) substrates (working area 0.25 cm2) 

were used as cathode. Prior to deposition, the substrates were cleaned with acetone, 

followed by diluted sulphuric acid and finally rinsed in water. A platinum sheet 

served as the counter electrode, and a double junction Ag|AgCl 3 M KCl electrode (E 
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= + 0.210 V versus standard hydrogen electrode (SHE)) was utilized as the reference 

electrode. For Cu-Ni MMFs electrodeposition, a constant current density ranging 

from –0.7 A cm–2 to –4 A cm–2 was applied by using a PGSTAT120N Autolab 

potentiostat/galvanostat (Ecochemie). The electrolyte consisted of CuSO4·5H2O 

(0.01-0.02 M), NiSO4·6H2O (0.15-0.3 M), H2SO4 (1 M), CH3COOH (0.1 M), HCl (50 

mM), and sodium citrate tribasic dehydrate (0.2 M). All chemicals are of analytical 

grade and used as received without further purification. Electrolyte solution was 

prepared from ultrapure water. Argon was bubbled through the solution to get rid 

of oxygen before each deposition. Unless otherwise stated, all deposition processes 

were carried out at 25℃ and under stirring (800 rpm) using a magnetic stirrer bar. 

Pure Ni MMFs were synthesized from a different electrolyte reported elsewhere19. 

2.2 Characterization 

Scanning electron microscopy (SEM) images and energy-dispersive X-ray 

spectroscopic (EDX) analyses were performed on a Merlin Zeiss microscope 

operated at 3 kV and 15 kV, respectively. X-ray diffraction patterns of the MMFs 

were recorded with a Philips X’Pert diffractometer in the 39-56° 2-range (step size 

= 0.03°, step time = 2 s) using Cu Kα radiation (λ = 0.154178 nm). Average crystallite 

size and phase percentages were estimated using the Rietveld full-pattern fitting 

procedure (“Materials Analysis using diffraction” MAUD software). Room 

temperature hysteresis loops were collected using a vibrating sample magnetometer 

(VSM) from Oxford Instruments, with a maximum applied magnetic field of 0.3 T. A 

surface analyzer (Smartdrop, Femtofab) was used to determine the contact angles 

for the porous surfaces (sessile drop technique). The liquid utilized for the 

measurements was 7 μL droplets of 5 wt% NaCl solution at room temperature. The 

reported contact angle values correspond to the average obtained from two 

independent measurements. 

2.3 Electrocatalytic activity towards HER 

The electrochemical activity of the Cu-Ni MMFs towards HER was measured in the 

same three-electrode system used for the deposition of the MMFs. The Cu-Ni MMFs 

deposited on Si/Ti/Au substrate were used as the working electrode. Polarization 
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curves were recorded in a de-aerated 1 M KOH solution by cycling the potential 

between –1.0 V and –2.0 V at 50 mV s–1. The onset potential and current density 

values of Cu-Ni MMFs were compared with those of pure Ni MMFs and pure Cu MFs. 

50 cycles of cyclic voltammetry (CV) were run in order to assess material stability. 

The temperature of the cell was set at 25 ℃. 

 

3. Results and discussion 

3.1 Morphology and structure of Cu-Ni MMFs 

Two-phase Cu-Ni MMFs were successfully fabricated on Si/Ti/Au substrates by 

electrodeposition using hydrogen bubble as a dynamic template. Compared with the 

Au surface, the electrodeposited Cu-Ni MMFs possess higher overpotential towards 

hydrogen evolution in highly acidic media. Therefore the hydrogen bubbles, which 

mainly evolve from the water electrolysis on Au surface, create a dynamic bubble 

template for Cu-Ni deposition. This makes the Cu and Ni discharge events to be 

mostly confined within the interstices left by the hydrogen bubbles. The scheme of 

the process for fabricating Cu-Ni MMFs is illustrated in Fig. 1. Hydrogen is 

automatically detached from the growing porous layer, acting as a dynamic template 

for Cu-Ni deposition.  

 

Fig. 1 Schematic diagram illustrating the fabrication of Cu-Ni MMFs. Numerous gas 

bubbles, evolved at different locations on the substrate, act as a dynamic template 

during metal growth. Deposition mainly occurs at bubbles interstices. 
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Fig. 2 SEM images: (a) top, (b) cross-sectional and (c) oblique-sectional (insert, 

magnified) views of Cu-Ni MMFs deposited at an applied current density of –1 A cm–

2 for 300 s. (d) Corresponding EDX spectrum (80 at% Cu) and (e) EDX mapping 

images of the zoomed SEM image shown on top. Concentrations of metal salts in the 

bath were 0.02 M CuSO4·5H2O and 0.3 M NiSO4·6H2O ([Ni(II)]/[Cu(II)]: 15). 
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Fig. 3 Low and high (inserts) magnification SEM images of Cu-Ni MMFs deposited at 

different current densities: (a) –0.7 A cm–2 (Cu85Ni15), (b) –1 A cm–2 (Cu80Ni20), (c) –2 

A cm–2 (Cu75Ni25), (d) –3 A cm–2 (Cu65Ni35) and (e) –4 A cm–2 (Cu60Ni40). 

Concentrations of metal salts in the bath were 0.02 M CuSO4·5H2O and 0.3 M 

NiSO4·6H2O ([Ni(II)]/[Cu(II)]: 15). 

Fig. 2 depicts typical SEM images of Cu-Ni MMFs grown by electrodeposition at a 

constant current density of –1 A cm–2 for 300 s from a bath containing 0.02 M 

CuSO4·5H2O and 0.3 M NiSO4·6H2O as metal salts. The SEM micrographs clearly show 

that the as-prepared Cu-Ni MMFs exhibit 3D interconnected porous structure with 

pore sizes ranging from 20 µm to 50 µm (Fig. 2a) and thickness of 60 µm (Fig. 2b). 

Here, acetic acid was very efficient in preventing hydrogen bubbles from 

coalescence, thus favoring the construction of a template with smaller dynamic 
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pores. Acetic acid is chosen not only because of its strong bubble stabilizing effect, 

but also because it contains no metallic ions in its structure/formula that could 

interfere with the deposition process and be incorporated in the deposits38,39. 

Moreover, oblique-sectional image (Fig. 2c and insert) shows that the wall thickness 

is about 10 µm and that the wall is made of numerous loosely packed nanodendrites. 

Hence the films display hierarchical porosity (roughly around 50-70%). A 

representative energy dispersive X-ray spectrum of the Cu-Ni MMFs is shown in Fig. 

2d. Cu and Ni elements, together with a very low oxygen signal, are detected. This 

proves that the porous layers are almost entirely metallic. EDX mapping images (Fig. 

2e) show that Ni is mostly concentrated at the inner wall of the pores, while Cu 

forms the porous skeleton itself. In other words, Ni is distributed as a ‘negative copy’ 

of the Cu framework. The EDX mapping indicates that phase separation occurs 

during the electrodeposition of Cu-Ni MMFs.  

Once the synthesis of two-phase Cu-Ni MMFs was proven to be successful, a series 

of Cu-Ni films with different network morphology and composition were prepared 

by applying the following current densities: –0.7, –1, –2, –3, and –4 A cm–2 (Fig. 3). 

The porous character and the dendritic walls were preserved in most cases. The 

composition varies as a function of the applied current density, with the Ni content 

ranging from 15 at% to 60 at%, indicating that Ni electrodeposition is charge-

transfer controlled40. Herein, the pore size together with the composition could be 

modulated to some extent. At low current densities (between –0.7 and –2 A cm–2) 

(see Fig. 3a-c), the network features are evident. The corresponding films show the 

morphology typical of a ´metal sponge´ owing to the interconnected pores9. When 

the applied current density is made more negative within this range, the hydrogen 

bubbles start to generate not only from the Au surface but also from the freshly 

deposited Cu-Ni MMFs. As a result the branch length of the dendrites decreases and 

the features become less sharp or, in other words, more rounded (cf. inserts of Fig. 

3a-c). The intensively evolved hydrogen bubbles change the hydrodynamic 

conditions near the electrode surface, and likely hinder the diffusion-control 

necessity for dendritic growth. When the cathodic current density is further 

increased to –3 A cm–2 (see Fig. 3d), the typical dendritic morphology develops again 
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and over-grown spherical particles are observed throughout the porous film. Note 

that the agitation provided by both hydrogen bubble and magnetic stirring is not 

sufficient to guaranty the supply of metal ions to the cathode (Si/Ti/Au substrate).21 

Since the deposition rate increases with the increase of applied current density, the 

electrodeposition process becomes mass-transfer controlled and the dendritic 

growth is in turn favored. Besides, the formation of hydrogen bubbles is also 

accelerated, which creates a vigorous local turbulence of the electrolyte. This 

suppresses bubble coalescence, resulting in smaller hydrogen bubbles for the 

formation of the MMFs skeleton, thus causing a decrease of the pore size11. These 

results are in accordance with EDX elemental mapping analysis (Fig. 2e) i.e., the 

morphology of the electrodeposited film is governed by the Cu content. Namely, Ni 

tends to deposit at the inner wall of the pores defined by the Cu building blocks. At –

4 A cm–2, the resulting film (60 at% Ni) displays a porous flower-like pattern, as 

shown in the SEM image of Fig. 3e. In this case, no interconnected pores are 

observed. The film is porous but the morphology is completely different from that of 

the layers produced at relatively lower current densities. 

Fig. 4 shows the X-ray diffraction patterns in the 39-56 2 range of Cu-Ni MMFs 

deposited at current densities from –0.7 to –4 A cm–2. For all the samples, four 

diffraction peaks corresponding to Cu (111), Ni (111), Cu (200), and Ni (200) 

reflections of face-centered cubic (fcc) structure are detected. The significant peak 

splitting further confirms the phase separation and hence the formation of two-

phase Cu-Ni MMFs. The position of the Cu (111) reflection is shifted ca. 0.05 toward 

higher angles with respect to the tabulated position (43.298). Likewise, the position 

of the Ni (111) reflection is shifted nearly the same amount toward lower angles 

with respect to the tabulated position (44.505).  

Hence, the films consist of Cu-rich and Ni-rich phases (i.e., some Ni is dissolved into 

1 Cu phase while some Cu is dissolved into 2 Ni phase). In addition, the relative 

intensity of the reflections associated with Ni-rich phase increases as the applied 

current density is made more negative, which indicates the presence of an 

increasingly larger volume fraction of the Ni-rich phase. Finally, the width of the XRD 
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peaks corresponding to the Ni-rich phase is larger for lower Ni content (e.g. Cu85Ni15), 

suggesting that the size of the Ni-rich clusters is smaller in this case.  

 

Fig. 4 XRD patterns of Cu-Ni MMFs deposited at different current densities: (a) –0.7 

A cm–2, (b) –1 A cm–2, (c) –2 A cm–2, (d) –3 A cm–2 and (e) –4 A cm–2. Peaks denoted 

by § and ‡ belong to Cu-rich and Ni-rich phases, respectively. The dashed and dotted 

lines indicate the position of tabulated pure fcc (111) Cu and fcc (111) Ni, 

respectively. Concentrations of metal salts in the bath were 0.02 M CuSO4·5H2O and 

0.3 M NiSO4·6H2O ([Ni(II)]/[Cu(II)]: 15). 

To further determine the key experimental factors enabling the formation of porous 

films with ramified walls, a series of controlled experiments were carried out. Firstly, 

it was found that the concentration of Cu and Ni salts in the electrolyte (i.e., degree 

of dilution) has a remarkable influence on the film morphology. Namely, when the 

concentration of Cu and Ni salts decreases to 0.01 M and 0.15 M, respectively, while 

the rest of conditions remain unchanged, the as-prepared Cu-Ni MMFs show an 

irregular foam-like morphology with randomly distributed spherical pores (c.f. Fig. 

S1a and b). The [Ni(II)]/[Cu(II)] ratio in the electrolyte also plays an important role in 

modulating the composition and the morphology of the Cu-Ni MMFs. For example, 

the porous network structure is no longer evident when the [Ni(II)]/[Cu(II)] is 
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increased to 30. As shown in Fig. S2a, although the resulting sample is rough, no 

porous network is visible. Sample morphology changes from non-uniform foam with 

over-grown particles to a high-quality porous network film (c.f. Fig. S2b and c) as the 

[Ni(II)]/[Cu(II)] decreases from 20 to 15. Such a decrease of the [Ni(II)]/[Cu(II)] ratio 

in solution is also linked to an increase of the Cu percentage in the Cu-Ni MMFs. 

Further decrease of the [Ni(II)]/[Cu(II)] to 1 results in pure Cu layers with clear 

network-like porous structure (Fig. S2d). This observation confirms that Cu 

deposition promotes the porous architecture.  

The stirring rate also has an influence on the composition and morphology of Cu-Ni 

MMFs. When electrodeposition is conducted under relatively gentle stirring (600 

rpm) using a magnetic stirrer bar, the products mainly consist of poor foam-like 

materials with a Cu content at around 70 at% (Fig. S3a). An increase of the stirring 

rate from 600 rpm to 800 rpm favors the growth of a porous network film with 

higher Cu content (80 at%), suggesting that mass-transfer rate is a critical factor in 

determining the composition and network structure (see Fig. S3b). This 

phenomenon occurs because Cu is typically discharged under mass-transfer control, 

while Ni deposition is under charge-transfer control over a wide potential range40. 

When the agitation rate is sufficiently vigorous, Cu deposition governed by ion 

diffusion increases and the porous network is achieved, confirming the importance 

of Cu on the coating architecture.   

On the basis of these results, the following considerations can be made on the 

deposition behavior of phase-separated Cu-Ni. The tendency towards phase 

separation is considered to be associated with the degree of mutual solubility of Ni 

and Cu elements. In our conditions, the concentration of sodium citrate is lower 

than the total metal ion concentration. The deposition of Cu-Ni MMFs is supposed 

to mostly proceed according to the following reactions41: 

  Cu2+ + 2e–  Cu                                                                      (1) 

Ni2+ + 2e–  Ni                                                                           (2) 

H+ + e–  ½ H2                                                                       (3) 
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H2O + e–  ½ H2 +OH–                                                                            (4) 

The formation of a Cu-Ni solid solution (i.e., an alloy) typically requires the presence 

of a complexing agent in solution to favour the codeposition of the two metals42. 

Although citrate was present in the bath, the concentration of complexed metal ions 

is extremely low because citrate mostly exists in its protonated form and cannot 

thus complex the cations in solution. Hence, Ni and Cu discharge mainly occurs from 

uncomplexed Cu and Ni ions (1) and (2). Simultaneously, a large fraction of the 

current supplied is used to reduce the protons in solution (3) (along with water 

reduction (4)). Moreover, Cu2+ reduces much faster than Ni2+, leading to the 

formation of low-density large Cu islands during the initial stages of reduction 

process. When the surface becomes depleted in Cu ions, Ni nucleation is promoted 

in the vicinity of Cu islands32,33. The miscibility gap in the composition range likely 

provides the driving force for phase separation. The atomic fraction of Ni in the Cu-

Ni MMFs where the phase separation is observed is in the range from 15 at% to 35 

at%, coincident with the miscibility gap existing in the Cu-Ni system43,44, as shown in 

Fig S4. Nevertheless, according to the local environment model, another explanation 

could be that the total free energy of the MMFs becomes lower if the Ni atoms 

segregate to form Ni-rich magnetic clusters, compared to the Cu-Ni solid solution45,46. 

Further experimental proof is nevertheless still necessary to gain deeper knowledge 

on the formation mechanism of the two-phase Cu-Ni MMFs, especially taking into 

account that metastable phases not predicted by the phase diagrams are available 

by electrodeposition.  

3.2 Magnetic Properties 

The hysteresis loops corresponding to the Cu-Ni MMFs deposited at varying current 

densities are shown in Fig. 5. Although all films contain a Ni percentage below 61 at% 

and would therefore be in principle non-ferromagnetic29, well-defined hysteresis 

loops are obtained even when the Ni percentage is only 15 at%. This observation 

confirms that phase separation actually takes place during electrodeposition, so that 

Ni-rich regions (with Ni percentage above 61 at%) coexist or are embedded in a non-

ferromagnetic Cu-rich matrix. This microstructure is in good agreement with the 

SEM-EDX observations (Fig. 2e) and XRD analysis (Fig. 4). As expected, the saturation 
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magnetization, MS, of these MMFs increases with the Ni content. However, the 

increase is not linear but it becomes steeper for Ni percentages above 20 at%, where 

the amount of Ni-rich regions starts to be significant (~40, 60 and 80 vol% of Ni-rich 

phase in the samples with atomic compositions Cu75Ni25, Cu65Ni35 and Cu40Ni60, 

respectively). The porosity degree is not taken into account in the normalization of 

the magnetization (M) of the films (the volume is considered from the real thickness 

of the films, including both the pores and the Cu-Ni walls). Hence, Ms would be 

much larger if the actual volume of Cu-Ni (without the pores) had been used to 

normalize M. The hysteresis loops also reveal that the coercivity, Hc, tends to slightly 

increase with the decrease of Ni content in the MMFs. Assuming that the Ni-rich 

(ferromagnetic) regions are surrounded by non-ferromagnetic Cu-rich regions, such 

dependence of Hc can be understood from the interplay between different factors. 

First, a progressive decrease of the effective ferromagnetic particle size with the 

decrease of the Ni content could be expected since interconnection between 

ferromagnetic clusters would be precluded if the Ni content is exceedingly low. XRD 

reveals that the crystallite size (i.e., average coherent diffraction length) of the Ni-

rich phase decreases from 80 to 60 nm as the Ni content in the samples decreases 

from 60 at% to 15 at%). It is well known that, in general, Hc is inversely proportional 

to the particle size, as magnetization reversal changes from multi-domain 

(propagation of domain walls) to mono-domain (coherent rotation) states47. 

Secondly, and for the same reason, the strength of magnetic dipolar interactions is 

supposedly larger for higher Ni contents, as the average distance between 

neighboring magnetic regions becomes smaller. Dipolar interactions promote 

cooperative reversal of the ferromagnetic clusters and tend to decrease Hc
48. Finally, 

the fact that Ni is prone to concentrate at the inner walls of the porous structure (Fig. 

2e) suggests that these MMFs could be suitable for trapping small ferromagnetic 

particles inside the porous frameworks. Therefore, this material could find 

applications as magnetic sensor or separator.  
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Fig. 5 Room temperature hysteresis loops of the Cu-Ni MMFs. 

3.3 Wettability 

The wettability of the Cu-Ni MMFs was characterized by the sessile drop technique, 

using 7 µL of 5 wt% NaCl droplets. Fig. 6 shows that all porous coatings exhibit 

contact angles larger than 150°, i.e. they show superhydrophobic behavior, although 

the values fluctuate slightly with the change in the applied current density. The 

wettability of a solid surface is governed by the intrinsic surface nature as well as by 

the geometrical microstructure. The 3D interconnected porous structure together 

with the dendritic walls results in the increase of the surface roughness, which in 

turn significantly decreases the surface area in contact with the NaCl droplets. 

Moreover, air is trapped in the grooves of such a rough surface, allowing the NaCl 

droplets to be in contact only with the outermost features of the surface. As a result, 

superhydrophobic surfaces with large contact angle are achieved. The slight 

differences in the contact angle values may be ascribed to the experiment 

uncertainty49. Nevertheless, it is challenging to measure the contact angle even for 

smooth homogeneous surfaces. As observed by Panchagnula and Vedantam50, the 

contact angle is determined not only by the area fraction, but also by the conditions 
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near the contact line. The contact angle may vary with regard to the contact line 

topology, even though the area fraction along the contact line is kept constant51,52.  

To further explore the superhydrophobic character of the Cu-Ni MMFs, NaCl 

droplets were slowly deposited onto film surface and removed from the Cu-Ni 

MMFs to assess the non-wetting behavior. Fig. 7 depicts a sequence of images 

showing contact of the droplet onto the Cu-Ni surface, extrusion exerted by the 

syringe and withdrawal (departure) of the droplet from the surface. It can be clearly 

seen that the NaCl droplet does not penetrate into or spread out the coating. 

Instead, it comes in contact with the outermost surface with the syringe not being 

able to completely extrude the liquid and afterwards the whole droplet departs 

without visual water residual left. This result indicates that the adhesive force 

between the droplet and the syringe is much higher than that between the droplet 

and the Cu-Ni surface. This phenomenon is similar to that recently reported by Su53 

and Liang54, who also demonstrated the non-sticking property in their cases. As-

prepared superhydrophobic, non-stick coatings are expected to have potential 

applications in self-cleaning55, anti-corrosion56, anti-icing57, oil-water separation58 

and drag-reduction59. 



 

100 
 

Nanoscale 

 

Fig. 6 Contact angles of Cu-Ni MMFs prepared at different current densities. The 

pictures show the shape of the 5 wt% NaCl droplet on the surface of the as-prepared 

films. 

 

Fig. 7 The process of contact (a), extrusion (b and c), and departure (d) observed 

between a 5 wt% NaCl droplet and the surface of Cu80Ni20 MMF obtained at –1 A cm-

2. The arrows represent the moving direction of the syringe. 
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3.4 Electrocatalytic activity 

Recently, nickel-based catalysts have been found to have intriguing electrocatalytic 

HER performance60-64. In view of their highly porous morphology, the as-obtained 

Cu-Ni MMFs are expected to be suitable candidates for HER. Fig. 8 shows the 

polarization curves (j-V plots) of the various Cu-Ni catalysts in 1 M Ar-purged KOH 

solution at a sweeping rate of 50 mV s–1. For comparison, the behavior of the pure 

porous metals were also tested and used as reference materials. Porous Ni was 

electrodeposited from a solution reported elsewhere19 (Fig. S5) since attempts to 

produce a Ni film with high-quality porous network from our bath were proven 

unsuccessful. Instead, pure Cu films with adequate morphology could be obtained 

from our bath when the [Ni(II)]/[Cu(II)] was made 1:1 (Fig. S2d). From their 

respective HER polarization curves, the as-prepared Cu-Ni MMFs exhibit lower onset 

potentials and higher current densities than pure Cu and Ni coatings. Moreover, the 

onset potential of the Cu85Ni15 sample is positively shifted in the polarization curves, 

indicating the smallest overpotential (η) (of about –1.2 V) among all Cu-Ni MMFs. 

The enhanced HER activity of Cu85Ni15 is mainly due to the synergistic effect of the 

two metals. In HER, two main reactions are involved65. The first step accounts for 

the interaction of water molecules with the metal (M) whereas the second step is 

the desorption of freshly generated hydrogen molecules from M. On the one hand, 

the H2O-M interaction should be strong enough to promote the discharge of water 

molecules. On the other hand, weak binding between H and M favors hydrogen 

desorption. As for the H2O-M interaction is concerned, the proton absorption 

bonding is apparently controlled by the number of d-electrons66. Metals with more 

unpaired electrons in the d-band interact strongly with electron-donating adatoms 

or molecules. For Ni, with d8-orbitals, the proton can enter the lattice and the 

electron from the hydrogen becomes collectivized with the metallic electrons. 

However, if there are no available un-paired d-electrons (case of Cu), i.e. high d-

character according to Pauling’s concept, then there are no available sites for 

absorption. Therefore, Ni atoms display much higher HER activity than Cu atoms. For 

the hydrogen desorption step, the H-adatoms generated on the Ni sites migrate 

toward the neighboring Cu atoms where recombination of the H-adatoms occurs 
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and molecular hydrogen releases from the traps. It is conjectured that the release of 

molecular hydrogen from Cu is favored (with respect to that from Ni) because the 

hydrogen binding energy (BEH) of Cu (–2.39 eV) approaches the thermoneutral H2 (g) 

dissociation (–2.28 eV)67. It is believed that since the feature size of Ni-clusters in the 

Cu85Ni15 MMF is smaller than for the other compositions (in accordance with the 

XRD and magnetic results), the distance between the generation centers and the 

desorption traps is shortened.  As a result, the migration of H-adatoms from the Ni 

to the Cu centers becomes easier and the molecular hydrogen desorption is 

promoted more efficiently, thus enhancing the HER. 

 

Fig. 8 Polarization curves recorded in Ar-saturated 1 M KOH electrolyte for Cu-Ni 

MMFs with different composition. The response of pure porous Cu and Ni films is 

shown for comparison. Scan rate: 50 mV s–1.  

In electrocatalysis processes, catalysts may suffer from deformation of the structure, 

poisoning and thus loss of the catalytic activity68. In order to examine the catalytic 

durability, Cu-Ni MMFs with different composition were subjected to 50 cycles in 1 

M KOH electrolyte within the potential range from –1.0 V to –1.6 V. As shown in Fig. 

9, the HER current densities of the Cu-Ni MMFs have the highest value at the 1st 

cycle, and then decrease during the subsequent cycles. This phenomenon is 
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attributed to the formation of the hydrogen bubble on the catalyst surface, which 

results in the decrease of the available active surface area for HER. After 20th cycle, 

the current densities are maintained and stable CV curves are observed with an 

equilibrium state of surface tension and buoyancy force. The morphology of Cu80Ni20 

MMF before and after the cycling test was analyzed by SEM, indicating that no 

apparent worsening of the foam morphology occurred (see Fig. S6). 

 

Fig. 9 CV curves of Cu-Ni MMFs with different composition in Ar-saturated 1 M KOH 

solution: (a) Cu85Ni15, (b) Cu80Ni20, (c) Cu75Ni25, and (d) Cu65Ni35. 

 

4. Conclusion 

In summary, Cu-Ni MMFs consisting of Ni-rich and Cu-rich phases have been 

successfully synthesized by the hydrogen bubble template electrodeposition method. 

Cu and Ni are deposited within the interstices left by the hydrogen bubbles, yielding 

porous films with highly interconnected nanodendritic walls. The current density has 

been varied to adjust the network morphology and the Cu/Ni ratio in the films. 
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Namely, Cu-Ni MMFs with Ni contents ranging from 15 at% to 35 at% and tunable 

pore topologies have been obtained. The stirring rate, the total metal concentration 

(dilution degree), and the molar ratio of cations in solution exert a remarkable 

influence on the composition, morphology and spatial arrangement of Cu-Ni MMFs. 

XRD analyses indicate clear phase separation that can be understood on the basis of: 

the low concentration of complexed cations in solution and hence the difference in 

the nucleation rates of Cu and Ni, the existence of a miscibility gap, and the lower 

free energy of Ni-rich regions compared with a Cu-Ni solid solution. Due to such 

phase separation, even the films rich in Cu display a ferromagnetic behavior, with 

saturation magnetization (and coercivity) values that progressively increase 

(decrease) with the Ni content. All the Cu-Ni MMFs show superhydrophobicity 

behavior with contact angles greater than 150°. Furthermore, these MMFs exhibit 

superior stability and enhanced composition-dependent electrocatalytic activity 

towards HER over pure Cu and Ni porous films. In particular, the Cu85Ni15 MMF 

shows the highest specific activity. Owing to this combination of properties, these 

foams are promising inexpensive candidates for widespread technology applicants, 

such as magnetic micro/nano-electromechanical systems (MEMS/NEMS) and robotic 

platforms, magnetic separators and sensors. 
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Supporting information 

 

Fig. S1 SEM images of Cu-Ni MMFs electrodeposited at –1 A cm–2 for 300 s in 

electrolytes containing the following metal salts concentrations: (a) 0.02 M 

CuSO4·5H2O + 0.3 M NiSO4·6H2O, (b) 0.01 M CuSO4·5H2O + 0.15 M NiSO4·6H2O. 

 

Fig. S2 SEM images of Cu-Ni MMFs electrodeposited at –1 A cm–2 for 300 s in 

electrolytes with varying [Ni (II)]/[Cu (II)] ratios: (a) 30, (b) 20, (c) 15, (d ) 1. 
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Fig. S3 SEM images of Cu-Ni MMFs were electrodeposited at –1 A cm–2 for 300 s 

under different stirring rates: (a) 600 rpm, (b) 800 rpm. 

 

Fig. S4 Calculated phase diagram of the Cu-Ni binary system [44]. (J. Phys. Chem. 

Solids, 2005, 66, 256–260). 

 



                                                                         Chapter 3: Results: compilation of articles 

107 
 

 

Fig. S5 SEM images of porous pure Ni films prepared according to reference [19]. (J. 

Power Sources 2012, 213, 106). 

 

 

Fig. S6 SEM image of Cu80Ni20 film after 50 consecutive cycles in 1 M KOH (Figure 9). 

No apparent changes in morphology are observed, suggesting that the Cu-Ni MMFs 

are stable. 
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3.2 Room temperature synthesis of three-dimensional porous 

ZnO@CuNi hybrid magnetic layers with photoluminescent and 

photocatalytic properties 

In this article a novel synthetic approach to prepare three-dimensional (3D) porous 

ZnO@CuNi hybrid films at room temperature, without need of any heat treatment, is 

presented. The synthetic procedure consists of a few steps. First, CuNi foams with two 

different compositions are prepared by electrodeposition. In parallel, ZnO nanoparticles are 

prepared by sol-gel method. Then, a dispersion containing the ZnO nanoparticles is 

deposited drop-wise onto the CuNi porous films. Such nanoparticles impregnate the interior 

of the CuNi pores, forming a smooth continuous shell, as the solvent is left to evaporate. In 

this way, truly 3D porous ZnO@CuNi composite films are obtained. 

The obtained composite materials exhibit an interesting combination of ferromagnetic, 

photoluminescent and photocatalytic properties, stemming from the different constituent 

phases assembled in a core-shell fashion. The multifunctional character of this hybrid 

porous material is possible for several reasons: (i) although the pristine CuNi alloys are rich 

in Cu and should not be therefore ferromagnetic since the overall Ni content is below 70 

at%, phase separation into Cu-rich and Ni-rich phases (the latter being ferromagnetic) 

occurs during electrodeposition in acidic pH; (ii) the possibility to fill/coat the metallic 

parent template with ZnO at room temperature (with no need of an annealing treatment) 

allows preserving the inherent macroporosity of the pristine CuNi films (i.e., thermally-

induced collapse of the porous structure is precluded), thus rendering films with a high 

surface-area-to-volume ratio; (iii) no oxidation of the porous CuNi films takes place during 

the room-temperature impregnation step (i.e., no loss of magnetization occurs with respect 

to the pristine CuNi). 

A photoluminescent signal appears across the entire thickness of the porous layer. It is 

slightly more intense at 30 μm depth and decays at higher depth (i. e. at the region closer to 

the substrate surface). These results indicate that ZnO penetrates into the entire CuNi 

network. The as-prepared ZnO@CuNi hybrid porous layers show some activity towards the 

aqueous degradation of Rhodamine B under the UV-Vis light irradiation. After being 

irradiated for 3h, no apparent detachment of the ZnO nanoparticles from the CuNi substrate 

is observed. The solution becomes transparent and no considerable worsening of the 

morphology occurs. Moreover, the procedure can be easily extrapolated to other systems, 



    Chapter 3: Results: compilation of articles 

116 
 

thus paving the way for the preparation of novel hybrid materials for multifunctional solid-

state devices.  
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Abstract  

A facile synthetic approach to prepare porous ZnO@CuNi hybrid films is presented. 

Initially, magnetic CuNi porous layers (consisting of phase separated CuNi alloys) are 

successfully grown by electrodeposition at different current densities using H2 

bubbles as a dynamic template to generate the porosity. The porous CuNi alloys 

serve as parent scaffolds to be subsequently filled with a solution containing ZnO 

nanoparticles previously synthesized by sol-gel. The dispersed nanoparticles are 

deposited dropwise onto the CuNi frameworks and the solvent is left to evaporate 

while the nanoparticles impregnate the interior of the pores, rendering ZnO-coated 

CuNi 3D porous structures. No thermal annealing is required to obtain the porous 

films. The synthesized hybrid porous layers exhibit an interesting combination of 

tunable ferromagnetic and photoluminescent properties. In addition, the aqueous 

photocatalytic activity of the composite is studied under UV−visible light irradiation 

for the degradation of Rhodamine B. The proposed method represents a fast and 

inexpensive approach towards the implementation of devices based on metal-

semiconductor porous systems, avoiding the use of post-synthesis heat treatment 

steps which could cause deleterious oxidation of the metallic counterpart, as well as 

collapse of the porous structure and loss of the ferromagnetic properties. 

 

1. Introduction 

The advances in the synthetic pathways to produce porous semiconducting 

materials (PSM) with controllable pore size and composition have boosted a wealth 

of applications in a number of different fields such as solar fuel production,[1] gas-

sensing,[2,3] or environmental healing,[4,5] where materials with a high surface 

area are essential. Different PSM architectures including particles, rods, wires and 

films (the latter with porosity ranging from the macro- to the nanoscale) have been 

engineered in the last years.[6] Depending on the end application, PSMs have been 

manufactured either alone or in combination with other materials.  

In general, the ability to use three-dimensional (3D) porous scaffolds as parent 

templates to be filled or coated with second phase materials (e.g., oxide 
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semiconductors) has been shown to trigger new functionalities stemming from the 

synergy created between the host and the guest (or the matrix and the filler) 

components.[7]  For example, in the case of metal-oxide ceramic composites, one 

can take advantage of the large hardness of the ceramic counterpart and the high 

ductility of the metal to design microstructures with optimized mechanical 

performance.[8,9] Magnetic exchange-interactions in certain metal-oxide 

nanocomposites have also triggered interesting applications in the field of 

nanomagnetism, as a means to enhance the coercivity of the resulting material.[10] 

One of the main challenges to produce hybrid composite materials using polymeric 

or metallic porous scaffolds as templates, particularly when the second phase is 

intended to be an oxide, is that a high-temperature heat-treatment, often in the 

presence of an O2-containing atmosphere, is required.[11] Such treatment can cause 

carburization of the polymer or oxidation of the parent metallic template, and can 

eventually provoke the collapse of the porous network. These issues need to be 

tackled when growing a metal oxide as the second phase by atomic layer deposition 

or colloidal templating (which typically involves subsequent heat-treatment in 

air).[11] Thus, new methodologies to fill or coat porous templates with suitable 

second-phase materials at temperatures close to room temperature are highly 

needed.  

Zinc oxide (ZnO), one of the most important n-type II-VI semiconductor materials 

with a wide band gap of 3.2 eV, possesses unique electrical and optical properties 

including good transparency, high electron mobility, and strong room-temperature 

luminescence.[12] Therefore, ZnO has recently attracted enormous attention due to 

its potential applications in integrated optoelectronics and laser technology[13] or 

photocatalysis.[14,15] Additionally, the piezo/pyroelectric properties of ZnO make it 

a smart candidate for sensors and other types of micro/nano-electromechanical 

systems (MEMS/NEMS).[16,17] There are several synthetic techniques for the 

growth of ZnO-based materials. These include vapor deposition,[18] hydrothermal 

synthesis,[19] sol-gel method,[20] or mechanochemical approach.[21] Depending on 

the deposition process conditions, different structural, electrical and optical 

properties are obtained. Pulsed laser deposition,[22] chemical vapor deposition[23] 
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or spray pyrolysis[24] can be used to prepare dense ZnO immobilized films. The 

synthesis of porous ZnO films is typically more challenging. Dip-coating methods are 

receiving attention since they enable the low-cost deposition of ZnO films, 

eventually in porous form.[25,26] Other approaches to synthesize porous metal 

oxide films on a substrate include spin-coating of sol-gel[27], template-assisted 

electrostatic spray deposition[28], and hydrothermal methods.[29] Both dip-coating 

and spin-coating of sol-gel mixtures show significant limitations when they are faced 

with large substrates and/or substrates with micrometer-sized feature. Moreover, 

film thickness typically achieved in a single coating step is in the range of about 100-

400 nm depending on coating conditions, whereas a film thicker than 1 μm can be 

obtained only by repeated coating/calcinations cycles.[28] For the precise control of 

the film thickness, pore size and porosity degree, the use of pre-fabricated polymeric 

or metallic porous templates is often preferred. Nevertheless, in most cases, one or 

more post-synthesis heat treatment steps at temperatures ranging from 250°C to 

900°C are necessary to convert the solution precursors into ZnO.[30,31] As 

aforementioned, this can be a serious shortcoming when the porous scaffold is not 

intended to be eliminated but to remain unaffected (and hence keep the initial 

features like the composition, overall porosity and physical properties) after the 

heat treatment.  

In this work, a novel approach to coat the interior of the pores of a CuNi 3D porous 

film scaffold with a ZnO shell at room temperature is presented. CuNi films are 

obtained by hydrogen-bubble assisted electrodeposition, which has proven to be a 

convenient technique to produce networked macroporous films of some 

compositions.[32] The Cu/Ni ratio is adjusted in order to deliver room-temperature 

ferromagnetic properties, which are not typically available in single-phase 

semiconductor materials. Thus, the obtained hybrid porous composites maintain the 

magnetic properties of the CuNi foams while exhibiting new functionalities (e.g. 

photoluminescence, photocatalytic activity) stemming from the presence of the ZnO 

semiconducting second phase. In particular, the aqueous photocatalytic activity of 

this composite system under UV-visible light irradiation for the degradation of 

Rhodamine B (RhB) is demonstrated. The multifunctional character of this 
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composite material is possible because (i) the macro-porosity of the initial CuNi alloy 

foam is preserved and (ii) oxidation of the CuNi parent template is also avoided 

because of the low temperature used in all the synthetic steps. 

 

2. Experimental section 

2.1 Synthesis of the CuNi metallic foams 

Two-phase CuNi metallic foams (MF) were successfully obtained by 

electrodeposition at different current densities on Ti/Si/Au substrates using H2 as a 

dynamic template (Figure 1a and 1b). All chemicals were of analytical grade and 

were used as received without further purification. Electrolyte solution was 

prepared from ultrapure water. Si/Ti (25 nm)/Au (125 nm) substrates (working area 

of 0.25 cm2) were employed as cathodes. Given the low roughness of the Au surface, 

surface conditioning (e.g. polishing) was not required. All depositions were carried 

out in a single-compartment, double-jacketed glass electrochemical cell. A platinum 

sheet served as the counter electrode, and a double junction Ag|AgCl 3 M KCl 

electrode (E = +0.210 V versus standard hydrogen electrode (SHE)) was utilized as 

the reference electrode. For CuNi MF electrodeposition, a constant current density 

of −1 A cm−2 and 300 s (Cu80Ni20) or −3 A cm−2 and 100 s (Cu65Ni35) was applied by 

using a PGSTAT302N Autolab potentiostat/ galvanostat (Ecochemie, Utrecht, 

Netherlands). The deposition charge for the growth of CuNi MFs was kept constant 

in order to achieve a similar thickness (ca. 60 μm). The electrolyte consisted of 

CuSO4·5H2O (0.01 M), NiSO4·6H2O (0.15 M), H2SO4 (1 M), CH3COOH (0.1 M), HCl (50 

mM), and sodium citrate tribasic dehydrate (0.2 M). All deposition processes were 

carried out at 25 °C and under stirring (800 rpm) using a magnetic stirrer bar. 

2.2 Synthesis of the ZnO nanoparticles 

Into a flask containing 20 mL of methanol were added 0.090 g of zinc acetate 

([Zn(CH3COO)2]·2H2O Aldrich, 98%) and 25 µL of deionized water. The solution was 

heated to 60 °C under magnetic stirring. Later, a solution of 0.050 g of potassium 

hydroxide (KOH, Aldrich, 85%) and 20 mL of methanol heated to 60 °C was dropwise 
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added to the zinc solution. During this step, ZnO nanoparticles (NPs) were formed by 

sol-gel (ZnO NPs mean size = 7.3 nm). When the reaction was finished (24 h), the 

upper fraction of the reaction solution was withdrawn. Next, 40 mL of methanol 

were added to the solution and stirred for 15 min. Again, the upper fraction of the 

solution was discarded after 15 min. The methanol washing process was repeated 

twice. The isolated ZnO NPs were suspended in 40 mL of methanol, leading to a 

concentration of ca. 0.83 g ZnO  L-1. 

 

Figure 1. Schematic flow of the synthesis of the ZnO@CuNi hybrid porous layers. 

From (a) to (b) hydrogen bubble-assisted electrodeposition of porous CuNi MF and 

from (c) to (d) impregnation of the CuNi scaffold with ZnO NPs suspension. 

2.3 Synthesis of the hybrid ZnO@CuNi porous film 

As shown in Figure 1(c) and 1(d), 15 µL of the previously synthesized ZnO NPs 

suspension were dropwise added onto the surface of the CuNi MF. Next, the 

impregnated CuNi MF was placed inside a vacuum desiccator (0.5 mbar) for 120 s at 

room temperature. The impregnation process was consecutively repeated 6 times to 

yield ZnO@CuNi porous films with increasingly higher ZnO coverage. Samples were 

investigated after three and six consecutive impregnations (middle and final 

coverage, respectively). Samples were done in triplicate in order to ensure 

reproducible results. 

2.4 Morphological and structural characterization 

The morphology and structure of the porous films were studied by field emission 

scanning electron microscopy (FE-SEM), high resolution transmission electron 

microscopy (HRTEM) and X-ray diffraction (XRD). HRTEM characterisation was 
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carried out on a JEOL JEM-2011 microscope operated at 200 kV. For HRTEM 

observations, a portion of the film was scratched off with a metallic spatula and the 

powder released was dispersed in ethanol. The dispersion was then sonicated on a 

SELECTA Ultrasounds 230 V – 40 kHz apparatus (JP Selecta, Barcelona, Spain) for 10 s 

in order to break up big aggregates. Afterwards, one or two drops of the suspension 

were placed dropwise onto a holey carbon-coated Cu TEM grid. The chemical 

composition of the films was determined by energy dispersive X-ray spectroscopy 

(EDX). The stoichiometry of the Cu-Ni MFs is given in at%. XRD patterns were 

recorded on a Philips X’Pert diffractometer (Panalytical, Madrid, Spain) using the Cu 

K radiation, in the 20°-90° 2θ range (0.03° step size, 8 s holding time). A full-pattern 

fitting procedure (Rietveld method, MAUD software)[33] was used to extract 

microstructural parameters from the XRD patterns. 

2.5 Magnetic characterization 

Room temperature hysteresis loops were collected at room temperature using a 

vibrating sample magnetometer (VSM) from Oxford Instruments (Abingdon), with a 

maximum applied magnetic field of 0.3 T. The field was applied parallel to the film 

plane. 

2.6 Confocal imaging 

The photoluminescence (PL) properties of the films were studied by confocal 

scanning laser microscopy (CSLM). The samples were mounted on Ibidi culture 

dishes (Ibidi GmbH, Martinsried, Germany). For 3D analysis, the samples were 

visualized with a TCS-SP5 CSLM microscope (Leica Microsystems CMS GmbH 

Mannheim, Germany) using a Plan Apochromat 10x / 0.4 (dry) objective. The 

ZnO@CuNi nanocomposites were excited with a blue diode laser (405 nm) and the 

autofluorescence was detected in the 420-580 nm range. Because the CuNi MF 

matrices are non-fluorescent, they were imaged using reflected light mode from an 

argon laser (488 nm) and subsequently detected in the 480-495 nm range. Stacks of 

50 sections were collected at every 3 μm along the material’s thickness. The three-

dimensional images were processed by using Surpass Module in Imaris X64 v. 6.2.0 

software (Bitplane; Zürich, Switzerland). 
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The emission signal of the specimens was excited at 405 nm with a blue diode laser, 

and its fluorescence intensity was recorded generating a lambda stack (69 images) 

with emission wavelength ranging from 425 to 750 nm, at 10 nm intervals. A set of 

10 regions of interest (ROIs) of 400 μm2 each was used to analyze the mean 

fluorescence intensity (MFI) of the samples in relation to emission wavelength. For 

each ROI, a graph plotting mean pixel intensity and emission wavelength of the 

lambda stack was generated. 

Finally, photostability experiments were performed to monitor long time-lapse 

experiments. A defined region of interest (ROI: 620 µm x 620 µm) was photo-

bleached at full laser power of 50 mW of blue diode 405 nm (100% power, 100% 

transmission). Fluorescence signal was detected in the range from 420 nm to 580 

nm. Confocal time series were recorded with intervals of 1 frame / 850 ms for a 

period of 10 min. Data from all studies was analyzed using the LAS AF software 2.4.1 

(Leica Microsystems) obtaining the variation of the MFI (normalized fluorescence 

values) as a function of irradiation time.  

2.7 Evaluation of photocatalytic activity 

The photocatalytic activity of the uncoated CuNi and hybrid ZnO@CuNi porous 

layers was evaluated by decolorization of a 5 ppm RhB aqueous solution (Alfa Aesar, 

Germany, 98%, without further treatment). The solutions were prepared by 

introducing the layers to be tested in 10 mL of the RhB solution. For each 

experiment, a blank RhB solution was used as a control and reference test. The 

reaction cells were placed in a SwiftCure IB irradiation cabin (Peschl Ultraviolet 

GmbH from Mainz, Germany) equipped with a mercury lamp. Cut-off filters were 

used to limit the wavelength radiation and to avoid direct photolysis of the dye (ISO 

10678:2010 standard). The average light intensity used was 220 W and the 

wavelength ranged from 320 to 500 nm. The photocatalytic experiments were 

conducted under continuous magnetic stirring at a constant temperature of 29 °C.  

After conditioning the suspensions for 60 min in dark to reach adsorption-

desorption equilibrium, the light was turned on to initiate the reaction. Experiments 

were then carried out under ultraviolet-visible (UV-vis) irradiation for an overall time 
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of 180 min. The red color of the solution faded gradually with time due to the 

decomposition of RhB. Aliquots (4 mL) were withdrawn regularly (at 0, 15, 30, 60, 

120, and 180 min) from the reaction. The supernatant solutions were then tested 

with a UV-vis spectrophotometer (Shimadzu UV-1603, Shimadzu Corporation, Kyoto, 

Japan) by measuring absorption spectra of RhB (λ= 554 nm) as a function of the 

irradiation time. Following the measurement, the aliquot was immediately retured 

to the reaction vessel to continue the reaction. Thus, the final volume marginally 

decreased (approximately 5%). Photocatalytic activity of the catalysts was calculated 

as (C/Co), where Co is the concentration of the test solution of RhB before irradiation 

and C is the concentration of RhB after UV-vis irradiation. 

 

3. Results and Discussion  

3.1 Morphological and structural characteristics of the porous layers  

XRD analyses were carried out to investigate the crystallographic structure of the 

prepared films. XRD patterns in the 30-60° 2θ range of Cu65Ni35 (fabricated with j = -

3 A cm–2) and Cu80Ni20 (fabricated with j = -1 A cm–2) samples before the ZnO 

deposition are shown in Figure 2. All the samples show four diffraction peaks 

corresponding to Cu/Ni (111) and Cu/Ni (200) reflections (# and ×, respectively), 

proving the occurrence of two face-centered cubic (fcc) structures, one enriched in 

Cu and the other in Ni. The occurrence of two-phase CuNi films was anticipated 

considering the electrodeposition conditions. Namely, in order to favour intensive 

hydrogen co-evolution during electrodeposition, a highly acidic electrolyte was 

employed. In these conditions, citrate has negligible complexing capacity because it 

exists mostly in its protonated form. As a result, the co-deposition of Cu and Ni 

cations (and hence, the formation of a solid solution) is severely hindered, which 

results in heterogeneous nucleation (and hence, the occurrence of phase-separated 

deposits). From the magnetic viewpoint, formation of phase-separated CuNi films is 

desirable since room-temperature ferromagnetic properties are then accessible for 

almost any Ni content. If a single-phase alloy were formed, the ferromagnetic 

behaviour would hold only for Ni percentages above 70 at%. Below this value, alloy 
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layers would be paramagnetic.[34] The average crystallite size of the CuNi parent 

templates, determined using the MAUD software, ranges between 10 nm and 13 nm 

for both Cu-rich and Ni-rich phases. By applying the Bragg’s and Vegard’s laws on the 

(111) reflection, the amount of the Cu- and the Ni-rich phases was estimated to be 

85 at% and 15 at%, respectively, for the Cu80Ni20 film, and 73 at% and 27 at%, 

respectively, for the Cu65Ni35 film. The precise stoichiometry of the Cu-rich and Ni-

rich phases is given in the Supporting Information (Table S1). The XRD patterns of 

the hybrid ZnO@CuNi porous layers show, apart from the reflections coming from 

the metallic Cu-Ni, three additional diffraction peaks at 31.81°, 47.60°, and 56.69°, 

corresponding to (100), (102) and (110) crystalline planes, respectively, of ZnO in its 

wurtzite hexagonal phase (JCPDS 36-1451). These peaks are considerably broader, 

evidencing the nanocrystalline nature of the ZnO coating. Its crystallite size is around 

7 nm, as estimated from the Rietveld refinements. Notice that the structural 

properties of the porous CuNi templates do not become altered after the coating 

with ZnO, as expected from the room temperature conditions used for ZnO 

deposition onto CuNi MF.  

The evolution of surface morphology from the pristine CuNi MF film upon ZnO 

impregnation was studied by FE-SEM at different magnifications. As an example, 

representative FE-SEM images of the uncoated Cu80Ni20 MF and the corresponding 

film after being coated with ZnO (three and six impregnation steps or, in other 

words, middle and final coverages) are shown in Figure 3. At low magnification, a 

uniform distribution of 3D interconnected spherical pores of around 50 µm in 

diameter, was observed over the entire surface of the uncoated MF (Figure 3(a)). In 

close-up observations, the pore walls (about 20 μm in thickness) were found to be 

inherently porous (they are built up from numerous nanodendrites, see Figure S1), 

hence displaying a hierarchical porosity. The size of the 50 µm macropores directly 

correlates with the size of the H2 bubbles. In the present work, acetic acid was 

added to the bath to prevent from bubble coalescence and, hence, formation of 

bigger pores. Instead, the porosity of the walls is likely due to the fast deposition 

rate. CuNi grains cannot stack in a dense manner (as would occur under lower 
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deposition rates) and dendrites are formed. Due to the fractal architecture of such 

dendrites, numerous ‘nano’ voids are generated during growth. 

 

Figure 2. XRD of (a) Cu65Ni35 (red) and ZnO@Cu65Ni35 (black) and (b) Cu80Ni20 (red) 

and ZnO@Cu80Ni20 (black). Peaks denoted by # and × belong to Cu-rich and Ni-rich 

phases, respectively. Two diffraction peaks at 33.06° and 34.36° belong to (100) Si 

and (100) α-Ti crystalline planes, respectively, of the substrate. Abbreviation: au = 

arbitrary units. 
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Figure 3. FE-SEM images of (a) the uncoated Cu80Ni20 MF and the ZnO-coated 

Cu80Ni20 after (b) three consecutive impregnations (middle coverage) and (c) six 

consecutive impregnations (final coverage). In each column different magnifications 

of the three materials are shown. 

Upon ZnO impregnation, the nanodendrites become less apparent and finally are no 

longer visible (Figures 3(b) and 3(c)). As a result, the pore walls show a smoother 

appearance. Nonetheless, the macro-porosity is preserved along the coating process. 

These macropores become smaller in size (from about 50 µm in Cu80Ni20 to about 30 

µm in ZnO@Cu80Ni20) as expected from the increasingly thicker ZnO shell which 

conformally coats the CuNi network. Representative images of ZnO@Cu65Ni35 film 

are shown in Figure S2. In this case, the ZnO shell is less uniform than for 

ZnO@Cu80Ni20, which is in part due to the less regular morphology of the CuNi foams 

featuring larger Ni contents.[35] This is because there is strong dependence of the Ni 
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content on the CuNi morphology. Cu deposition typically promotes the formation of 

a uniform foam-like architecture. With increasing the Ni content, pore 

interconnectivity worsens. EDX mapping images prove that Zn is well-distributed 

among the CuNi MF (Figure S3). It is envisaged that the 3D interconnected 

macroporous structure of the ZnO@CuNi framework could be advantageous for 

catalytic applications. In particular, an enhanced surface diffusion of the reactant 

adatoms, ad-ions or molecules through the porous channels and subsequent 

desorption of the products could positively impact the kinetics of the reaction. 

 

Figure 4. (a) High-Resolution TEM image of ZnO@Cu80Ni20 hybrid porous layer; (b) 

the SAED pattern of the ZnO NPs stacked on the CuNi layer. (c) High-Resolution TEM 

image of an individual ZnO NP. (d) TEM image of as-prepared ZnO nanoparticles. 

magnified in the inset.  
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Figure 4 depicts HR-TEM images of the ZnO@Cu80Ni20 hybrid porous layer taken at 

the oxide-metal edge. Figure 4(a) shows that the nanocomposite consists of a rather 

continuous shell of ZnO NPs well attached to the CuNi MF surface even after 

sonication of the sample (Figure S4). The selected area electron diffraction (SAED) 

pattern showed in Figure 4(b) displays spotty rings. Since the spot size was around 

200 nm, the beam is actually embracing several small crystals with different 

orientations. This further confirms the nanocrystalline structure of the ZnO, in 

agreement with XRD analyses. Furthermore, in a zoomed detail of a single ZnO NP 

(Figure 4(c)) the lattice planes are sharply defined, thus confirming the high 

crystallinity of the ZnO in the ZnO@Cu80Ni20 nanocomposite. Interestingly, this 

synthetic methodology preserves the morphology as well as the high crystallinity of 

the as-prepared ZnO NPs (Figure 4(d)). 

 

3.2 Magnetic properties of the porous layers  

Well-defined hysteresis loops corresponding to the Cu80Ni20 MFs as well as 

ZnO@Cu80Ni20 are shown in Figure 5(a). It is known that CuNi single-phase alloys are 

ferromagnetic at room temperature for Ni contents above 70 % at.[34,36] Hence, 

the occurrence of ferromagnetism in spite of the low Ni content is a further 

indication that the CuNi MF are not single phase but, instead, Ni-rich clusters 

(ferromagnetic) co-exist together with a non-ferromagnetic Cu-rich matrix, in 

agreement with XRD results (Figure 2). To further explore the influence of the Ni 

content on the magnetic response of the layers, uncoated and ZnO-coated Cu65Ni35 

films were also investigated. The Cu65Ni35 MF and its homologous ZnO@Cu65Ni35 

porous film (Figure 5(b)) exhibit higher saturation magnetization (MS) in comparison 

to Cu80Ni20 based films due to the higher Ni content. The hysteresis loops also reveal 

that the coercivity, Hc, tends to slightly decrease with the increase of the Ni content 

in the nanocomposites, in agreement with our previous work on uncoated CuNi 

porous films.[35] Remarkably, for both compositions the presence of the ZnO shell 

does not alter the magnetic response of the CuNi matrix as MS remains the same 

before and after the ZnO coating. This indicates that the metallic character of the 

pristine CuNi MF is maintained during ZnO impregnation (i.e., no oxidation occurs). 
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Hence, this synthetic approach can be of high interest in applications where it is 

necessary to retain the initial magnetic properties of the MF. Since the ZnO coating 

over the Cu65Ni35 MF was defective (Figure S1) or, at least, less conformal than over 

the Cu80Ni20 MF, the latter was selected for the subsequent analysis of the optical 

and catalytic properties.  

 

Figure 5. Room temperature hysteresis loops of the (a) Cu80Ni20 and ZnO@Cu80Ni20 

and (b) Cu65Ni35 and ZnO@Cu65Ni35 samples. 
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3.3 Optical properties of the hybrid layers 

3D image reconstruction and confocal methodologies offer great advantages for 

studying complex nanocomposites without mechanical distortions, providing 

valuable 3D information. Figure 6(a) shows the isosurface module of Imaris 3D 

photoluminescence (3D-PL, green) and structural (reflection mode, gray) image of 

the porous ZnO@Cu80Ni20 porous nanocomposite film. The full dataset was surveyed 

to determine the range of intensities (gray values) within the volume (0–255; black-

white). An isovalue (intensity) was chosen and the software constructed a map of all 

the chosen values in the volume. After segmentation, isosurfacing produces 

simplified hollow objects (or 3D surfaces), which are accurate simplified 

representations of the original shape of segmented structure. This surface model 

was extremely helpful to study the 3D shape and spatial relationship with different 

layers of the hybrid nanocomposite. Notice that the green (arising from the ZnO) 

and the gray (arising from the CuNi) colors indicate a homogeneous distribution of 

ZnO within the CuNi matrix. Particularly, the PL response (Figure 6(b)) consists of 

broad-band emission which covers the entire visible range (in the wavelength 

interval 425-750 nm) and has a maximum of around 595 nm. In general, a broad 

green fluorescence in ZnO is attributed to oxygen defects.[37] Moreover, the PL 

signal is recovered across the entire thickness of the porous layer as can be observed 

in Figure 7. The intrinsic fluorescence follows the distribution of the reflection signal 

although it is more intense at 30 m depth. A decay of the signal is observed at a 

higher depth. Nevertheless, this indicates that the ZnO is not only present at the 

uttermost CuNi surface but it rather penetrates through the entire CuNi network 

and reaches the Au surface. Therefore, the obtained materials can be truly regarded 

as 3D porous composites. Interestingly, contrary to fluorescent dots, where a 

pronounced decrease in the PL intensity is observed during illumination with UV or 

visible light (photobleaching),[38] here only a decrease of 15% of PL intensity was 

observed after irradiation during 10 min (Figure S5). Due to this stability in the PL 

signal and the relatively large width of the observed PL peak, these novel ZnO@CuNi 

porous films could be appealing for optoelectronic devices.  
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Figure 6. (a) 3D projection images of the hybrid ZnO@Cu80Ni20 nanocomposite 

isosurface view by Imaris v.6.2.0 software. The 3D representation was obtained from 

a 50-section stack in steps of 3 µm. CuNi MF shows as grey color (reflection mode) 

whereas the ZnO component shows as green color (fluorescence). (b) Fluorescence 

spectrum obtained with the Lambda scan module of CSLM using a 5 nm resolution. 

Abbreviation: au = arbitrary unit. 
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3.4 Photocatalytic degradation of RhB dye 

The photocatalytic performance of the ZnO@Cu80Ni20 porous film was evaluated by 

assessing the degradation rate of RhB under UV-Vis irradiation (320 < λ < 500 nm) 

after the adsorption-desorption equilibrium was reached. 

As can be observed in Figure 8, the control test without catalysts (blank) under UV-

Vis light irradiation showed that the photolysis of RhB is negligible. On the other 

hand, for the uncoated CuNi MF the concentration of RhB decreased very slightly: 

only 2% of the original organic matter was degraded after 3 h of exposure time. 

Regarding the ZnO- coated CuNi, it can be observed that the relative concentration 

(C/C0) of RhB dye markedly decreased with the increase of exposition time. The final 

C/C0 value was a function of the ZnO amount. The RhB concentration in solution 

decreases by 10% and 15% after 3 h when ZnO@Cu80Ni20 with middle and final 

coverages, respectively, were used. As expected, the photoactivity of hybrid porous 

ZnO@CuNi thin films is higher than that of bare CuNi MF, and it increases with ZnO 

content. Furthermore, the activity of a ZnO-coated non-porous electroplated CuNi 

flat dense film is much lower. This puts forward the importance of a large specific 

surface area for efficient dye removal and suggests that the macropore sidewalls do 

contribute to the photocatalytic activity. According to the literature,[39] RhB dye 

degradation mechanism may proceed according to (1-5): 

          
      

                                                                              (1) 

         
                                                                   (2) 

                 
                                                                   (3) 

                                                                                    (4) 

 RhB       
            →  mineralized product    (5) 

Upon illumination, the generation of electron–hole (ecb
– and hvb

+) pairs between 

conduction (CB) and valence bands (VB) of ZnO NPs occurs (Equation (1)). The 

generated e– are then scavenged by the dissolved O2 to generate superoxide 

anion   
   (Equation (2)), which, in turn, generate H2O2, OH ions and radicals 
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(Equation (3) and (4)). All the generated reactive species are able to degrade RhB 

and mineralize it (Equation (5)).  

 

Figure 7. Fluorescence and reflection confocal micrographs (sample area: 621.21 μm 

x 621.21 μm) of the ZnO@Cu80Ni20 hybrid porous layer taken at different sections 

from the nanocomposite surface up to a total depth of 60 μm. Fluorescence 

microscopy was employed to visualize ZnO NP (in green). Reflection confocal 

microscopy was used to visualize the CuNi matrix (in grey). 
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Previous conditioning under dark conditions for 60 min in the presence of the 

ZnO@Cu80Ni20 did not bring any change in the RhB concentration, indicating that 

UV-Vis irradiation is indispensable for dye degradation. Upon several consecutive 

degradation tests under irradiation conditions, a decrease of the photocatalytic 

efficiency was observed (Figure S6), likely due to gradual deactivation of ZnO caused 

by the adsorption of species present in solution.[40] No apparent detachment of the 

ZnO NPs from the CuNi MF was observed though. The solution remained fully 

transparent (eventual turbidity arising from detached ZnO NPs was not noticed) and 

SEM images of the CuNi MF after the photocatalytic tests did not disclose 

appreciable changes in morphology. Compared to the literature dealing with ZnO-

based materials, the photocatalytic activity of the here-developed hybrid 

composites is not particularly high. Different strategies could help improve the 

photocatalytic performance: through doping of ZnO with suitable cations/anions or 

by further increasing the specific surface area of the CuNi MF (e.g. via the creation of 

homogeneously distributed nanopores) and, hence, of the ZnO coating. Moreover, 

diffusion of the RhB dye through the 3D macroporous network is perhaps not fully 

efficient. Indeed, taking into account the mean pore diameter (several micrometers), 

it is expected that a non-negligible fraction of the inner part of the film contributes 

to the photocatalytic activity. If the pores were much narrower, diffusion of RhB 

through the pores would have been probably more challenging. Nevertheless, 

detailed studies are required to evaluate the efficiency of dye diffusion within the 

3D network. Although the photocatalytic tests with ZnO-coated non-porous CuNi 

films do indicate that porosity is definitely beneficial, further work should be done in 

order to take full advantage of the macroporous architecture of the material. This 

also includes optimizing the way the material is irradiated so that the inner ZnO 

shells fully contributed to the catalytic response. 
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Figure 8. C/C0 plot of the degradation of RhB in the blank, in the presence of Cu80Ni20 

MF, and in the presence of ZnO@Cu80Ni20 photocatalysts with middle and final 

coverages. The RhB degradation profile for ZnO-coated non-porous Cu-rich flat layer 

is also shown for the aim of comparison.  

 

4. Conclusions 

In summary, a fast and inexpensive synthetic approach to obtain hybrid porous 

ZnO@CuNi films has been presented. First, two-phase CuNi porous magnetic films 

were grown by means of electrodeposition. Then, a suspension containing ZnO 

nanoparticles was dropwise added onto the CuNi framework, coating not only its 

outermost external surface but also the inner pores, as revealed by CLSM imaging, 

hence rendering truly 3D porous ZnO@CuNi hybrid films. This strategy overcomes 

the problems associated with high temperature post-synthesis heat treatments that 

can be deleterious from both morphological and compositional viewpoints. Indeed, 

thanks to the lack of annealing treatments, the inherent macro-porosity of the initial 

CuNi MFs as well as their ferromagnetic properties are preserved after coating with 

ZnO. The obtained ZnO@CuNi hybrid porous layers show some activity for the 

aqueous degradation of Rhodamine B under UV−vis light irradiation. When 
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supported onto substrates, these materials could be handled as classical 

heterogeneous catalysts. If released from the substrate, the composite films could 

eventually be wirelessly manipulated using external magnetic fields, whilst being 

both photoluminescent and photocatalytic upon irradiation under UV-Vis light. This 

would be possible due to the combination of the various properties of the different 

phases comprising the hybrid composites. The reported synthetic strategy could also 

be extrapolated to other types of materials, paving the way for the preparation of 

hybrid materials in general, suitable for multifunctional solid-state devices. 

 

Acknowledgements 

This work has been funded by the Generalitat de Catalunya [project 2014-SGR-1015] 

and the Spanish Ministerio de Economía y Competitividad (MINECO) [project 

MAT2014-57960-C3-1-R and MAT2014-57960-C3-3-R]. Partial funding from the 

European Research Council (Consolidator Grant, project number 648454, SPIN-

PORICS) is acknowledged. E. Pellicer is grateful to MINECO for the ‘Ramón y Cajal’ 

contract (RYC-2012-10839). J. Zhang is grateful to the China Scholarship Council (CSC) 

for the PhD grant. M. Guerrero acknowledges the support of the Secretary for 

Universities and Research of the Government of Catalonia and the COFUND 

Programme of the Marie Curie Actions of the 7th R&D Framework Programme of the 

European Union for the ‘Beatriu de Pinos’ contract (2013 BP-B 00077).  

 

 

 

 

 

 

 



                                                                 Chapter 3: Results: compilation of articles 

139 
 

Supporting information  

 

Figure S1. SEM images of the Cu80Ni20 walls showing the dendritic-like morphology.  
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Figure S2. FE-SEM images at different magnifications of the ZnO-coated Cu65Ni35 

porous layer (final coverage). 
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Figure S3. EDX mapping images of the middle coverage ZnO@Cu80Ni20 porous 

nanocomposite film. (a) SEM image, (b) Zn, (c) Cu and (d) Ni element distribution.  
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Figure S4. TEM images of the Cu80Ni20/ZnO interface, showing the ZnO NPs well 

stacked to the CuNi layer.  
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Figure S5. Photostability of the ZnO@Cu80Ni20 porous nanocomposite film upon 

irradiation at its excitation wavelength (405 nm). 

 

Figure S6. C/C0 plot of the degradation of RhB in the blank, in the presence of 

Cu80Ni20 MF, and in the presence of ZnO@Cu80Ni20 photocatalysts with middle and 

final coverages at the 5th cycle.  
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Cu-Ni layer Cu-rich phase Ni-rich phase 

Cu80Ni20 

2θ = 43.39 (deg) 

d = 2.0839 (Å) 

a = 3.6094 (Å) 

at% Cu = 93.92 

at% Ni = 6.08 

2θ = 44.48 (deg) 

d = 2.0352 (Å) 

a = 3.5251 (Å) 

at% Cu = 1.19 

at% Ni = 98.81 

Cu65Ni35 

2θ = 43.47 (deg) 

d = 2.0802 (Å) 

a = 3.6030 (Å) 

at% Cu = 86.91 

at% Ni = 13.09 

2θ = 44.43 (deg) 

d = 2.0374 (Å) 

a = 3.5289 (Å) 

at% Cu = 5.43 

at% Ni = 94.57 

 

Table S1. Composition of the Ni-rich and Cu-rich phases present in the two 

investigated porous films, as determined from XRD analyses (combining the Bragg’s 

law with the Vegard’s law). 
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3.3 Tailoring staircase-like hysteresis loops in electrodeposited tri-

segmented magnetic nanowires: a strategy towards minimization of 

interwire interactions  

In this article a novel strategy to reduce the interwire dipolar interactions in 

nanowires (NWs) that are to be dispersed in fluids, thereby minimizing their 

agglomeration, is reported. To this end, arrays of tri-segmented hard-

magnetic(CoPt)/non-magnetic(Cu)/soft-magnetic(Ni) NWs with different segments 

lengths are prepared by electrodeposition in polycarbonate (PC) membranes. By 

XRD analyses, it is found that Ni and Cu segments crystallize in the face-centered 

cubic (fcc) structure. Meanwhile, the CoPt segment grows in the hexagonal closed-

packed (hcp) structure. Variable segments lengths are achieved by adjusting the 

electrodeposition time. These NWs exhibit staircase-like hysteresis loops resulting 

from the two different coercivities of the soft (Ni) and hard (CoPt) ferromagnetic 

segments. The orientation of the two magnetic segments can be individually 

controlled to make them either parallel or antiparallel to each other. The 

magnetization amplitudes of the two ferromagnetic contributions are found to 

depend on the relative lengths of CoPt and Ni segments.   

Antiparallel alignment between the two ferromagnetic segments can be settled after 

positive saturation by applying a negative magnetic field sufficient to switch the Ni 

magnetization but smaller than the CoPt coercivity. In such antiparallel alignment, 

proper adjustment of the Ni and CoPt segment lengths eventually leads to virtually 

zero remanent magnetization (fully compensated NWs). Since the saturation 

magnetization of Ni (μ0Ms,Ni = 0.6 T) is approximately half that of CoPt (μ0Ms,CoPt ≈ 1-

1.3 T), the compensated situation can occur when the length of the Ni segment is 

around twice the length of CoPt, i.e. μ0Ms,Ni   lNi  A ≈ μ0Ms,CoPt  lCoPt  A (l is the 

length and A is the cross-sectional area of the segment).  

Analytical calculations leaded by the Superconductivity Group (Physics Department, 

UAB) reveal that, once released from the template, the magnetic interaction energy 

between two fully-compensated tri-segmented NWs is reduced with respect to a 
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single NW with the same length or the tri-segmented NWs with the two segments 

parallel to each other. 
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ABSTRACT  

A new strategy to minimize magnetic interactions between nanowires (NWs) 

dispersed in a fluid is proposed. Such strategy consists in preparing tri-segmented 

NWs containing two antiparallel ferromagnetic segments with dissimilar coercivity 

separated by a non-magnetic spacer. The trisegmented NWs exhibit a staircase-like 

hysteresis loop with tunable shape that depends on the relative length of the soft- 

and hard-magnetic segments and the respective values of saturation magnetization. 

Such NWs are prepared by electrodepositing CoPt/Cu/Ni in a polycarbonate (PC) 

membrane. The antiparallel alignment is set by applying suitable magnetic fields 

while the NWs are still embedded in the PC membrane. Analytic calculations are 

used to demonstrate that the interaction magnetic energy from fully compensated 

trisegmented NWs with antiparallel alignment is reduced compared to a single-

component NW with the same length or the trisegmented NWs with the two 

ferromagnetic counterparts parallel to each other. The proposed approach is 

appealing for the use of magnetic NWs in certain biological or catalytic applications 

where the aggregation of NWs is detrimental for optimized performance. 

KEYWORDS: segmented nanowires, magnetic interactions, template-assisted 

electrodeposition, staircase hysteresis loops, nanomagnetism 

 

1. INTRODUCTION 

Owing to their unique physicochemical properties, materials structured in the form 

of one-dimensional nanoarchitectures, such as nanorods and nanowires (NWs), have 

found widespread applications in several technological areas, e.g. optoelectronics,1 

magnetism,2,3 catalysis,4 piezo- and thermo-electricity,5,6 biosensing,7,8 and micro-

/nanoelectromechanical systems (MEMS/NEMS),9 among others. Specifically, 

ferromagnetic NWs are being employed as components in information storage and 

logic devices,3,10,11 spintronics,12 magnetic sensors,13 and also as platforms in the 

biomedical field (e.g., hyperthermia or drug delivery).14  
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For their range of applications to be expended further, the implementation of other 

materials with dissimilar nature within the NW architecture can provide additional 

and complementary functionalities. The resulting hybrid structures (i.e., core-shell 

NWs or segmented NWs) offer enhanced performance due either to the established 

synergy between the properties of each building block, or to interfacial interaction 

effects between them. Segmented NWs can be all-electrodeposited in a cost-

effective manner,15-18 whereas core-shell NW structures usually require a 

combination of different synthetic approaches (e.g., electrodeposition together with 

chemical vapor deposition).19 In the field of magnetism, segmented NWs served as a 

model system for heterostructured junctions that exhibit various fascinating 

perpendicular spin transport phenomena, such as current-perpendicular-to-plane 

giant magnetoresistance (GMR)20,21 or tunneling magnetoresistance (MR)22, to name 

a couple. Likewise, core/shell NWs23 combining several phases of distinct magnetic 

properties could generate additional effects, e.g., spintronic, multiferroic, 

magnetoplasmonic, and so forth. These outstanding properties have furnished 

hybrid NWs a host of applications in giant magnetoresistance sensors,24 spring-

magnets,25 exchange bias systems,26 nanomagnet microwave resonators,27 and 

magneto-plasmonics devices.28 

Once released from the template or detached from the substrate, self-standing 

magnetic NWs can be dispersed in fluids and subsequently manipulated using 

external magnetic fields and field gradients. Wireless magnetic actuation is crucial 

for the utilization of these NWs in certain biological or catalytic applications.18,19,29-31 

However, one of the most challenging issues in areas like drug delivery or biological 

labeling is to avoid the aggregation of NWs once the external magnetic field is 

removed. Agglomeration of NWs inside bodily fluids can cause obstruction of the 

vessels, eventually leading to thrombosis or even more serious health diseases. 

The formation of NWs bundles is also a serious concern in applications that require 

the use of a single NW, for example when a single NW is intended to be bound to 

cells or proteins32 or in NWs that need to be precisely attached to small components 

to build sophisticated miniaturized devices.33 Also, aggregation of NWs has to be 
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prevented to obtain high-quality homogeneous ferrofluids or to preserve the 

mechanical properties of composites containing magnetic NWs.13 

Magnetic dipolar interactions between magnetic particles dispersed in liquids are 

directly responsible for their agglomeration. In the absence of a magnetic field, such 

interactions are proportional to the overall remanent magnetization of each particle. 

For this reason, superparamagnetic nanoparticles, with zero net remanent 

magnetization, are usually preferred in comparison to NWs for certain biological 

applications.31 Nevertheless, their exceedingly small surface area limits their 

efficiency as drug carriers. An alternative approach is to use magnetic vortices,34 also 

with virtually zero magnetic remanence, but disks of a few micrometers in diameter 

are needed to form such magnetic configurations. Hence, magnetic vortices can be 

rather impractical for most biological purposes.  

Ferromagnetic NWs offer some advantages with respect to superparamagnetic 

nanoparticles or microstructured disks exhibiting magnetic vortices. However, a 

smart strategy to tailor (and, in particular, to reduce) the overall remanent 

magnetization of magnetic NWs is needed to control (and decrease) the strength of 

interwire dipolar interactions to minimize aggregation. It is well-known that some of 

the properties of magnetic NWs (e.g., the effective magnetic anisotropy direction or 

the coercivity) are strongly dependent on the diameter and aspect ratio as well as 

on the dipolar coupling between the ferromagnetic segments.35 For example, Liu 

and coworkers36 have electrodeposited Co/Cu multilayered NWs, in which the 

magnetic configurations can be tuned by adjusting the Co segment aspect ratio. In 

turn, the saturation magnetization depends mainly on the composition of the NWs.  

In this work, the possibility to tune the remanent magnetization of NWs is 

demonstrated by synthesizing tri-segmented NWs in which the orientation of the 

different segments comprising the NWs is individually controlled, similarly to what 

has been successfully demonstrated in synthetic ferrimagnets,37 patterned 

multilayers for multi-bit data storage38 or recently proposed in core/shell 

nanoparticles.39,40 To this end, arrays of tri-segmented CoPt/Cu/Ni NWs (i.e., hard- 

and soft-ferromagnetic segments separated by a non-magnetic Cu spacer) 
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embedded in polycarbonate (PC) membranes have been prepared by 

electrodeposition. Magnetic measurements of the hybrid NWs, while still embedded 

in the PC templates, reveal the occurrence of staircase-like hysteresis loops, 

resulting from the two different coercivities of the soft and hard ferromagnetic 

segments. The overall shape of the hysteresis loops (i.e., the magnetization step 

sizes) can be tuned by varying the aspect ratio of the different segments. Antiparallel 

alignment between the CoPt and Ni segments can be established after saturation by 

applying a negative magnetic field larger than the coercivity exhibited by Ni but 

lower than the coercivity corresponding to CoPt. In such antiparallel alignment, 

proper adjustment of the Ni and CoPt segment length leads to either positive or 

negative remanent magnetization, eventually even resulting in zero remanent net 

magnetization (fully compensated NWs). The trisegmented NWs can be easily 

released from the PC membrane and satisfactorily dispersed in fluids. Analytical 

calculations are used to corroborate that the interaction magnetic energy between 

two fully-compensated tri-segmented NWs (with two antiparallel magnetic 

segments) is generally reduced with respect to a tri-segmented NW having the two 

segments parallel to each other. 

 

2. EXPERIMENTAL SECTION 

2.1. Synthesis of the Trisegmented NWs 

Template-assisted electrodeposition was carried out in a typical single-compartment 

double-jacketed glass electrochemical cell. Track-etched PC membranes with 30 nm 

nominal pore size (Nuclepore, Whatman) were used as working electrodes (WE). PC 

membranes with well-separated pores were selected for two reasons: (i) these 

membranes can afford the basic pH values needed to grow CoPt, and (ii) the 

distance between neighboring NWs is sufficiently high to ensure that interwire 

dipolar magnetic interactions between NWs are negligible such that their behavior 

when still embedded in the PC membrane is essentially the same as that of an 

isolated non-interacting NW. The fabrication process of trisegmented NWs is 

illustrated in Scheme 1.  
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Scheme 1. Schematic picture of Trisegmented NWs Fabrication Process Using PC 

Template-Based Electrodeposition (ED). 

First, a thin Au-Pd layer was sputtered onto one side of PCs to make them 

conductive. The Au-Pd surface was put in contact with a copper plate and held 

inside a plastic stationary holder, and a circular area of 3.14 cm2 was exposed to the 

electrolyte for deposition. Before electrodeposition, the PC membrane was placed in 

an ultrasonicator for 3 min to remove the air inside the PC channels. In this way, the 

electroactive species can penetrate inside the channels and access the Au-Pd layer, 

thereby enabling the electrodeposition. A platinum wire was utilized as counter 

electrode, which was positioned vertically facing the WE. A double junction Ag|AgCl 

3 M KCl electrode (E = + 0.210 V versus standard hydrogen electrode) was used as 

reference electrode to record the potential at the WE. The three electrodes were 

connected to a PGSTAT302N Autolab potentiostat/galvanostat (Ecochemie). 

The tri-segmented NWs were prepared via sequential direct current 

electrodeposition of CoPt, Cu and Ni segments by changing the corresponding 

electrolytes. The deposition of the CoPt segments was performed galvanostatically 

at j = -10 mA cm-2, pH = 8.5, T = 65°C. The electrolyte consisted of 30 mM 

Co(SO3NH2)2·xH2O, 2 mM Pt(NH3)2(NO2)2, 0.1 M glycine, 0.1 M sulfamic acid, 5 mM 

saccharine, and 0.1 M sodium citrate. The electrodeposition of Cu segments was 

carried out potentiostatically at E = -1.0 V in an electrolyte containing 0.2 M 

CuSO4·5H2O and 0.1 M boric acid. The third segment (Ni) was grown 

galvanostatically at j = -10 mA cm-2 from an electrolyte consisting of 2 M NH4Cl and 

0.1 M NiCl2. The deposition processes for Cu and Ni segments were carried out at 

25°C and the pH was left unadjusted (i.e., preparation pH). All the electrolytes were 

deaerated before and during the experiments in order to get rid of dissolved oxygen 

and to ensure the homogeneity of the solution. For electron microscopy 

observations, the trisegmented NWs were released by dissolving the PC template in 
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chloroform and washed several times afterwards. For the sake of comparison, 

single-component Ni, Cu and CoPt NWs were also electrodeposited using the same 

conditions as for the hybrid NWs. 

2.2. Structural Characterization 

Scanning electron microscopy (SEM) images and energy-dispersive X-ray 

spectroscopy (EDX) compositional analyses were acquired using a Merlin Zeiss 

microscope operated at 3 kV and 15 kV, respectively. Specimens for SEM and EDX 

measurements were prepared via drop-casting a droplet of NWs suspended in 

chloroform onto an aluminum foil and subsequent drying in air. A similar 

preparation method onto Cu grids was used for TEM observations. The structure and 

morphology of the NWs (length of the different segments, aspect ratio, etc.) were 

also investigated by high-resolution transmission electron microscopy (HRTEM) 

using a Jeol-JEM 2011 system with a field emission gun operating at 200 kV. Electron 

energy loss spectra (EELS) were acquired along the NWs. Spectra were taken in the 

650-1150 eV energy loss range, where the Co L2,3, the Cu L2,3 and the Ni L2,3 edges 

were found, at 779, 931 and 855 eV, respectively. The quantitative analysis of the 

EELS spectra was performed using the homemade software package Oxide Wizard.41 

X-ray diffraction (XRD) patterns of the NWs were recorded on a Philips X’Pert 

diffractometer in the 30-100° 2 range (step size = 0.026°, step time = 2000 s) using 

Cu K radiation (= 0.154178 nm). In this case, the PC membrane was not dissolved 

–the XRD patterns were acquired while the NWs were still embedded inside the 

membrane. 

2.3. Magnetic Characterization  

Hysteresis loops were collected on the single-component (CoPt and Ni) and 

trisegmented (CoPt/Cu/Ni) NWs at room temperature using a vibrating sample 

magnetometer (VSM) from Oxford Instruments with a maximum applied magnetic 

field of 0.5 T. An antiparallel alignment between the CoPt and Ni segments was 

settled by first saturating the NWs in the positive direction and then applying a 

negative magnetic field sufficient to reverse Ni but lower than the coercivity of the 

CoPt segment. 
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3. RESULTS AND DISCUSSION  

3.1. Structure and Magnetic Behavior of Single-Component CoPt and Ni  

 

Figure 1. (a) SEM, (b) EDX spectrum and (c) HRTEM image of CoPt NWs released 

from the PC membrane, (d) room-temperature magnetic hysteresis loop of single-

component CoPt NWs arrays (measured before PC removal, along the NWs axis), (e) 

SEM image of single-component Ni NWs released from the PC membrane, and (f) 

room temperature hysteresis loop of single-component Ni NWs arrays (embedded in 

the PC membrane). Insert in (a) shows a magnified view of a few CoPt NWs, whereas 

insert in (c) shows a SAED pattern of CoPt NWs.  
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All the investigated NWs were deposited inside the channels (i.e., pores) of PC 

membranes that are visible as black spots by SEM imaging (see Figure S1 in the 

Supplementary Information). These pores traverse the membranes completely, 

hence allowing the growth of the NWs by electrodeposition. The thickness of the PC 

membranes is approximately 5 μm, the average pore diameter (at the surface of the 

PC template) ranges from 40 to 60 nm, and there is an areal density of less than 10 

pores μm-2. Single-component NWs consisting of CoPt alloy, Cu and Ni were first 

deposited individually to estimate and optimize the growth rates.  

As shown in Figure 1a, CoPt NWs can be obtained in high-yields with a length of 

around 5 μm and a diameter about 100 nm (see also the corresponding TEM image, 

inset of Figure 1a). The larger diameter of the NWs, as compared to the average 

pore diameter at the surface of the PC membranes, indicates that the channels 

inside the PC are probably not completely homogeneous in width. This is actually 

supported by previous works from the literature in which it has been suggested that 

the pores inside PC templates are not completely cylindrical (with a constant cross-

section) but instead appear to be “cigar-like shaped”42. The NWs have all similar 

lengths, suggesting that their growth proceeds at the same rate over the whole PC 

area. This is an important feature for the subsequent fabrication of the trisegmented 

NWs. The EDX spectrum (Figure 1b) confirms that the NWs are composed of Pt and 

Co, with a mean atomic composition of Co70Pt30. The aluminum signal in Figure 1b 

comes from the aluminum foil onto which the NWs were drop-casted. The HRTEM 

and the associated SAED pattern (Figure 1c and inset) reveal that the CoPt NWs are 

polycrystalline (hexagonal closed-packed, hcp, phase) with clear lattice fringes. The 

obtained interplanar distances can be ascribed to the (100) and (002) planes of hcp 

structure. Representative SEM images of the Ni and Cu single-component NWs are 

shown in Figures 1e and S2, respectively. Similar to CoPt NWs, well-grown, 

continuous Cu and Ni NWs can be deposited with an approximate diameter of 100 

nm.  

Typical XRD patterns of the as-deposited CoPt, Cu and Ni NWs embedded in the PC 

membrane are shown in Figure 2. For both Cu and Ni single-component NWs, the 

(111), (200), (220) and (311) reflections of face-centered cubic (fcc) structure are 
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detected. In addition, for Cu NWs, by comparing the tabulated and experimental 

relative peak intensities (I) of the (111) and (200) reflections, clear conclusions 

regarding the crystallographic texture can be drawn.  

 

Figure 2. XRD patterns of single-component Cu, Ni and CoPt NWs and trisegmented 

CoPt/Cu/Ni NWs. Peaks denoted by  belong to the sputtered Au-Pd conductive 

layer. 
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Namely, the experimental I200 / I111 ratio is 1.02, which is larger than the theoretical 

value (0.46) for randomly oriented Cu grains. This indicates the formation of [100] 

textured Cu NWs. Textures in electrodeposited materials are highly influenced by 

electrolyte composition and working conditions. Thus, either non-textured or 

textured materials can be readily obtained by simply changing the plating 

parameters. 

The diffractogram of single-component CoPt NWs reveals that the strongest peak 

appears at 2 = 43.13°. This position matches both hcp and fcc phases. However, the 

absence of any reflection at  51.5° suggests that CoPt has crystallized in the hcp 

structure, as it corresponds to Co-rich NWs electrodeposited in basic pH 

conditions.43 The intensity of the (101) reflection is dramatically reduced as 

compared to the standard powder pattern, which suggests that the hexagonal c axis 

lies preferentially along the long axis of the NWs.  

The magnetic hysteresis loop of the single-component CoPt NW arrays measured 

with the applied field parallel (H∥) to the long axis of the NWs is shown in Figure 1d. 

The coercivity, Hc, is 1950 Oe. Therefore, CoPt NWs show hard ferromagnetic 

behavior. The magnetic properties of single-component Ni NWs were measured 

under the same conditions as for CoPt NWs. As shown in Figure 1f, Hc is around 410 

Oe in this case. According to these data, it is clear that hard magnetic/spacer/soft 

magnetic trisegmented CoPt/Cu/Ni NWs could be, in principle, successfully 

deposited into PC membranes by simply changing the electrolyte. 

3.2. Structural Characterization of Trisegmented NWs 

The XRD pattern of the as-deposited tri-segmented CoPt/Cu/Ni NW arrays 

embedded in the PC membrane is shown at the bottom of Figure 2. By comparing 

the XRD patterns of single-component and trisegmented CoPt/Cu/Ni NWs, all of the 

peaks corresponding to CoPt, Cu and Ni phases can be straightforwardly indexed. 

Hence, the sequential fabrication process did not introduce any extra phases or 

impurities. Therefore, CoPt/Cu/Ni tri-segmented NWs can be successfully 

synthesized through a template-based electrodeposition method. 
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The compositional variations along the NW axis were assessed by EDX (see Figure 3). 

A TEM image of a whole tri-segmented NW can be observed in the upper panel of 

Figure 3. NWs show a sharp needle-like end due to the narrowing of the PC pores 

near the surface, in agreement with the literature.42 The darker and brighter 

contrast reveals the difference in atomic weight between the constituent phases 

with the electron dispersing capability of CoPt stronger than for both Cu and Ni. 

Because Cu and Ni have similar atomic weight, it is difficult to clearly distinguish 

them by TEM. Therefore, the brightest region stands for CoPt and the darker regions 

represent the Cu + Ni segments. 

Figure 3. EDX spectra acquired in each of the segments of the tri-segmented NW 

shown in the upper TEM image. Note that no clear interface between Cu and Ni can 

be seen using standard TEM conditions. 

For gaining further insight into the heterostructured architecture of the NWs, STEM-

EELS analyses were performed (Figure 4). EELS analyses were actually necessary to 

distinguish between the Cu and Ni segments and, in turn, to determine their lengths. 

When the electron beam was spotting in “a”, Co was detected (Figure 4a). When the 

electron beam was directed to the middle part of the NW (point “b”), only Cu was 

visible (Figure 4b). Similarly, the EELS analysis on point “c” (Figure 4c) clearly 

confirms that the ending segment of the NW is made of pure Ni. EELS line-scan was 

used to determine the length of the different segments, as shown in Figures 4d and 
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4e. In this particular case (referred to as “sample D” in Section 3.3), the length of the 

CoPt segment, which now corresponds to the darker region, is 0.97 μm, whereas the 

Ni segment has a length of 1.74 μm. Finally, the Cu segment, with a length of 2.72 

μm, is sandwiched between CoPt and Ni. In turn, EELS analysis performed in the 

NWs with shorter Ni segments (sample A in section 3.3) reveals that the CoPt, Cu 

and Ni segment lengths are 1.10, 2.63 and 0.61 μm, respectively. 

 

Figure 4. (a-c) EELS point spectra for CoPt/Cu/Ni trisegmented NWs [marked as a, b 

and c in (d)]. (d) STEM image of CoPt/Cu/Ni trisegmented NW for which an EELS line-

scan was performed. (e) The corresponding element distribution as a function of NW 

length. 

3.3. Magnetic Characterization of the Trisegmented NWs 

Hysteresis loops from various arrays of CoPt/Cu/Ni trisegmented NWs embedded in 

the PC membrane, measured along the NWs axis, are shown in Figure 5. The loops 

exhibit a staircase-like shape with two well-differentiated coercivities corresponding 

to the magnetization reversal of Ni (soft segment) and CoPt (hard segment), 

respectively. These two switching events can be clearly seen because (i) the 
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magnetic dipolar interactions between neighboring NWs in the PC membranes are 

small (due to the large interpore distance), and (ii) the segments in each nanowire 

are separated by the non-magnetic Cu spacer to avoid magnetic exchange 

interactions between CoPt and Ni. Otherwise, if the NWs were deposited close to 

each other (as in conventional anodized aluminum oxide templates), the loops 

would become tilted and the staircase shape would be lost.44 Similarly, in the 

absence of the Cu segments, the interfacial coupling between Ni and CoPt would 

promote a simultaneous switching of the magnetization in both magnetic segments. 

Hence, this configuration of the tri-segmented NWs provides access to various 

magnetization states depending on the relative orientation of the magnetization in 

each segment, as indicated in Figure 5b. 

Figure 5a reveals that altrhough the contribution of Ni to the overall magnetization 

is larger than that of CoPt in sample C (in which the Ni segment is much longer than 

CoPt), the opposite is observed in samples A and B. Remarkably, the hysteresis loop 

shown in Figure 5b (sample D) exhibits virtually equal magnetization amplitudes 

from Ni and CoPt. Such precise tailoring of the hysteresis loop shape can be 

accomplished by varying the relative lengths of the Ni and CoPt segments (see Table 

1). Because the saturation magnetization of Ni (μ0MS,Ni = 0.6 T)45 is approximately 

half that of CoPt (μ0MS,CoPt  1 – 1.3 T)46,47, the compensated situation (Figure 5b) 

occurs when the length of the Ni segment is approximately twice the length of CoPt 

(Table 1). In other words, in sample D (which is the one that corresponds to the EELS 

results shown in Figure 4) one has: μ0MS,Ni * lNi * A  μ0MS,CoPt * lCoPt * A (where, l 

designates “length” and A is the cross-sectional area of the segments). 
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Figure 5. (a) Staircase-shaped hysteresis loops corresponding to tri-segmented 

CoPt/Cu/Ni NWs with variable relative length ratios of the soft (Ni) and hard (CoPt) 

segments (samples A, B and C; see Table 1). (b) Hysteresis loop corresponding to an 

array of tri-segmented CoPt/Cu/Ni NWs (sample D) where the magnetization 

amplitudes of the Ni (ΔMNi) and CoPt (ΔMCoPt) segments are virtually equal to each 

other. Indications in (b) are the magnetic orientations of the two segments at 

different positions of the hysteresis loop. 
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Sample <lCoPt>/<lNi> ΔMCoPt / ΔMNi Mr,minor/MS 

A ~ 1.8 ~ 3.2 0.31 

B ~ 1.1  2.2 0.23 

C ~ 0.3  0.6 -0.20 

D ~ 0.5  1.0 0 

Table 1. Dependence of the Relative Magnetization Amplitudes of the CoPt (ΔMCoPt) 

and Ni (ΔMNi) segments, as well as the Resulting Remanent Magnetization once the 

two segments are oriented antiparallel to each other as depicted in Figure 5b as a 

function of the average relative lengths of the CoPt (lCoPt) and Ni (lNi) segmentsa.  

aNote that Mr,minor is not the overall remanence magnetization of the whole 

hysteresis loops (which is close to 1 in all cases) but instead denotes the remanent 

magnetization obtained when performing the minor loop sequence to set the 

antiparallel alignment between Ni and CoPt segments (i.e., when sweeping the field 

from positions 1 2 3 as indicated in Figure 5b. Samples A-D correspond to the 

ones whose hysteresis loops are shown in Figure 5. 

3.4. Strategy to Minimize Interwire Interactions 

As mentioned in the Introduction, magnetic NWs are appealing for various 

technological applications (biomedical, catalytic, MEMS/NEMS, etc.) but the 

strength of interwire magnetic interactions, once the NWs are dispersed in a fluid, 

needs to be controlled and minimized in order to attain optimized performance. By 

taking advantage of the staircase shape of the hysteresis loops, it is possible to 

engineer a protocol to set an antiparallel alignment between the soft and hard 

segments, and therefore reduce the overall remanent magnetization of the NWs 

when they are still embedded in the PC template. This can be done by first 

saturating the array of NWs using a strong positive magnetic field (position 1 in 

Figure 5b) and then applying a negative field sufficient to switch Ni to the negative 

orientation without reversing the magnetization of CoPt (position 2). Once the 
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magnetic field is brought back to zero (position 3), the two segments remain 

antiparallel to each other and the resulting remanent magnetization (Mr,minor) will 

depend on the relative magnetization amplitudes of the Ni and CoPt  segments 

(ΔMNi and ΔMCoPt), i.e., on their length. The procedure is indicated in Figure 5b. Then, 

Mr,minor/MS can have either a positive value (samples A and B), negative value 

(sample C) or be virtually zero (sample D) (see Table 1). A comparative analytic 

calculation to show how the magnetic interaction energy outside the tri-segmented 

NW in sample D is reduced when the two segments are antiparallel to each other, 

with respect to the case of parallel alignment, is given in section 3.5. It is worth 

mentioning that such antiparallel alignment between the soft and hard segments 

will remain in the NWs dispersed in the fluid provided that the applied external 

magnetic fields used to manipulate them do not exceed the coercivity of the soft 

segment. Fortunately, wireless manipulation of magnetic NWs in low Reynolds 

number aqueous environments is actually possible under the action of external 

fields of only a few tens of Oe, if combined with suitable magnetic field gradients.48 

3.5. Modeling the Magnetic Interaction Energy between Two Trisegmented NWs 

For the sake of simplicity, we assume that each fully compensated trisegmented NW 

has a circular cross-section of diameter a and it is composed of a hard segment of 

length c and uniform magnetization 2MS, a soft segment of length 2c and uniform 

magnetization MS, and a nonmagnetic segment represented by an empty space of 

length d between the two magnetic segments (left of Figure 6a). To some extent, 

this theoretical NW can be approximated as a set of pairs of point magnetic charges. 

That is, the hard segment is assumed equivalent to two charges of values -2q and 2q, 

where q would correspond to MSa2/4, located at the center of the lower and upper 

surfaces of the segment, respectively. In the same way, the soft segment can be 

simplified as two charges of values q and -q located at the center of the lower and 

upper surfaces, respectively (right of Figure 6a). The sign of each pair of charges 

changes depending on the orientation of the segment magnetization. For simulating 

the NWs of sample D, the dimensions of the NWs are a = c/10 and d = 2.5c.  

Once the NWs are properly magnetized (with the two segments aligned parallel or 

antiparallel) and dispersed in the fluid, they can be oriented in any direction. The 
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relative orientation between two NWs can cause some attractive or repulsive 

movements between them because of the magnetic interaction that can result in 

the agglomeration of NWs. Figure 6 shows the possible ways of attractive 

interaction between NWs with antiparallel magnetic segments (Figure 6c) or parallel 

magnetic segments (Figures 6b and d). The symbols +, ++, - and --represent the 

equivalent charges +q, +2q, -q, and -2q, respectively, in the point charge 

approximation. In the case of antiparallel segments the NWs would be mainly 

attracted by forming a T-shape (Figure 6c) and in the parallel case the NWs attracted 

by following an antiferromagnetic coupling (Figure 6b) or by aligning one along the 

other (Figure 6d). Other configurations of NWs interactions have weaker attractive 

interaction.  

To analyze which NW configurations have lower magnetic attraction and thus, 

weaker possibility of agglomeration, we plot in Figure 7 a comparison of the 

energies of the three different arrangements sketched in Figure 6. The magnetic 

interaction energy (normalized to µ0q2/c) of two NWs is plotted as a function of their 

distance w (normalized to c) when d = 2.5c. The results reveal that for interwire 

distances w < c the interaction between T-shape NWs with antiparallel segments 

(solid black line) is lower than the one obtained in the case of antiferromagnetic 

coupled NWs with parallel segments (dashed red line). In these results the size of 

the nonmagnetic segment is a relevant parameter because if d < c the “T-shape” 

NWs configuration becomes the one with the largest interaction (not shown). Note 

that for interwire distances w < 0.1c (that is w < a) the model of point charges is no 

longer valid. The inset of Figure 7 shows the case of large interwire distances, with 

the same interaction energies plotted in logarithmic scale (in absolute value). For 

comparison, the dependences 1/w3 (thin solid green line) that correspond to a 

dipole-dipole magnetic interaction, and 1/w5 (thin dashed orange line), that 

correspond to a quadrupole-quadrupole magnetic interaction are also plotted. 

These calculations reveal that for large interwire distances (w > 50c) the interaction 

between T-shape NWs is the lowest one and decays as 1/w5 (black line is parallel to 

the orange one), whereas for the configurations with parallel segment NWs, it 

decays as 1/w3 (red and blue lines are parallel to the green one).  
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Figure 6. (a) (Left) Schematic portrayal of a trisegmented NW in antiferromagnetic 

(compensated) arrangement, where the hard segment (bottom) has length c and 

saturation magnetization 2 MS and the soft segment (top) has length c and 

saturation magnetization MS. The nonmagnetic segment is represented by the 

empty space of length d between the magnetic segments. The NW has diameter a. 

(right) Simplified representation of the NW as a set of point magnetic charges. (b-d) 

Different arrangements of NWs with attractive interactions (possibly leading to 

agglomeration) depending on the magnetization alignment between the magnetic 

segments, where w is the distance between wires. The symbols + and - indicate the 

sign of the equivalent charges and the red arrows represent an attractive interaction 

between NWs. 

 

The results of this section demonstrate theoretically that the agglomeration power 

between NWs with parallel magnetic segments is always larger than for NWs with 

antiparallel segments. The results do not qualitatively change when considering 

charged surfaces instead of point charges. 
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Figure 7. Interaction energy as a function of separation w between the NWs when d 

= 2.5c for the different NW configurations of Figure 6: parallel magnetization 

alignment of Figure 6b (dashed red line), antiparallel alignment of Figure 6c (solid 

black line) and parallel alignment of Figure 6d (dotted blue line). The inset shows the 

absolute value of the energy of the main plot in a logarithmic scale. For comparison 

the dependences 1/w3 (thin solid green line) and 1/w5 (thin dashed orange line) are 

also plotted in the inset. 

 

4. CONCLUSIONS 

In summary, arrays of tri-segmented CoPt/Cu/Ni NWs with tunable segment lengths 

have been satisfactorily electrodeposited inside the pores of PC membranes and 

subsequently further characterized both structurally and magnetically. These NWs 

exhibit staircase-like hysteresis loops resulting from the two different coercivities of 

the soft (Ni) and hard ferromagnetic (CoPt) segments. The magnetization amplitudes 

of the two ferromagnetic contributions depend on the relative lengths of CoPt and 

Ni. Antiparallel alignment between both ferromagnetic segments can be settled 

after positive saturation by applying a negative magnetic field sufficient to switch 

the Ni magnetization but smaller than the CoPt coercivity. In such antiparallel 

alignment, proper adjustment of the Ni and CoPt segment lengths eventually leads 
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to virtually zero remanent magnetization (fully compensated NWs). The 

trisegmented NWs can be then released from the PC membrane and satisfactorily 

dispersed in fluids. Analytical calculations are employed to corroborate that the 

magnetic interaction energy between two fully compensated trisegmented NWs 

(with two antiparallel magnetic segments with the same overall magnetic moment) 

is reduced with respect to a single NW with the same length or the tri-segmented 

NW with the two segments parallel to each other. Hence, this strategy is suitable to 

decrease the strength of magnetic interactions between NWs dispersed in liquids 

and is thus very appealing in all applications requiring the utilization of well-isolated 

magnetic single NWs, as well as to minimize NWs agglomeration during/after usage. 
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Supporting information 

 

Figure S1. SEM image of polycarbonate (PC) membrane with an average pore size of 

50 nm. 

 

 

Figure S2. SEM image of single-segmented Cu nanowires released from the PC membrane. 
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3.4 Modeling the collective magnetic behavior of highly-packed arrays 

of multi-segmented nanowires 

In this article we report on a powerful model to calculate in a time-effective manner 

the collective magnetic response of large arrays of tri-segmented magnetic NWs (i.e., 

comprising two magnetic segments with different coercivity separated by a non-

magnetic spacer). Simulations were run by the Superconductivity Group members 

from Autonomous University of Barcelona. Several meetings between this group and 

Gnm3 group members (including myself) were carried out in the framework of this 

study in order to approach the theoretical findings with the experimental results. 

This work was performed in parallel with the study on CoPt/Cu/Ni NWs represented 

in section 3.2, and thereby it is included in the thesis.   

The model is based on a coarse discretization of the NWs in which each box is 

considered as a single magnetic dipole. After validating the approximations by 

comparison with micromagnetic simulations, the magnetic response of large arrays 

of NWs is presented. The model predicts the distances over which NWs do not 

interact appreciably with their neighbors. At the same time, it is demonstrated that 

NWs made of segments of different coercivity and saturation magnetization can be 

used to attain antiparallel or parallel magnetic alignment, as required in magnetic 

sensors based on the GMR effect and other applications based on multiple magnetic 

states (e.g. multi-bit recording media). 

 

 

 

 

 

 

 



  Chapter 3: Results: compilation of articles 

182 
 

 

  



                                                                          Chapter 3: Results: compilation of articles 

183 
 

 

Modeling the Collective Magnetic Behavior of Highly-packed Arrays of Multi-

Segmented Nanowires 

S. Agramunt-Puig1, N. Del-Valle1, E. Pellicer1, J. Zhang1, J. Nogués2,3, C. Navau1, A. 

Sanchez1,*, J. Sort1,3 

1Departament de Física, Universitat Autònoma de Barcelona, 08193 Bellaterra, 

Barcelona, Catalonia, Spain 

2Catalan Institute of Nanoscience and Nanotechnology (ICN2), CSIC and The 

Barcelona Institute of Science and Technology, Campus UAB, Bellaterra, 08193 

Barcelona, Spain  

3Institució Catalana de Recerca i Estudis Avaçats (ICREA), Barcelona, Catalonia, Spain 

 

 

*To whom correspondence should be addressed: 

Prof. Alvar Sanchez 

Email:  Alvar.Sanchez@uab.cat 

 

 

 

 



                                                                                                             New Journal of physics  

184 
 

Abstract  

A powerful model to evaluate the collective magnetic response of large arrays of 

segmented nanowires comprising two magnetic segments of dissimilar coercivity 

separated by a non-magnetic spacer is introduced. The model captures the essential 

aspects of the underlying physics in these systems while being at the same time 

computationally tractable for relatively large arrays. The minimum lateral and 

vertical distances rendering densely packed weakly-interacting nanowires and 

segments are calculated for optimizing their performance in applications like 

magnetic sensors or recording media. The obtained results are appealing for the 

design of multifunctional miniaturized devices actuated by external magnetic fields, 

whose successful implementation relies on achieving a delicate balance between 

two opposing technological demands: the need for an ultra-high density of nanowires 

per unit area and the minimization of inter-wire and inter-segment dipolar 

interactions. 

Keywords: nanowires, micromagnetics, nanomagnetism 

Owing to their anisotropic shape and reduced lateral sizes, one-dimensional 

nanostructures (e.g., nanowires, nanotubes or nanorods) have boosted a wealth of 

applications in diverse technological areas, such as electronics and optoelectronics, 

magnetic memory units, biological sensors, gas sensors, spintronic devices or micro-

/nano-electro-mechanical systems, amongst others [1-3]. The elongated shape of 

these nano-objects promotes mutual interactions along preferential directions when 

these structures are arranged or assembled together to form an array, hence leading 

to physical properties that are highly anisotropic. 

An additional advantage of nanowires with respect to isotropic nanoparticles is that 

it is relatively easy to sequentially grow and combine various segments of dissimilar 

materials, each exhibiting different physico-chemical properties, along the length of 

the nanowire [1,4,5]. This renders multifunctionality to the obtained hybrid 

materials. Without being exhaustive, some recent examples of this type of materials 

are: Au /polypyrrole/Ni nanowires that simultaneously contain a biofunctionalizable 

segment (Au) and a ferromagnetic segment (Ni) that allows magnetic alignment and 
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wireless manipulation [6]; Co/Cu and FeCoNi/Cu multilayered (barcode) nanowires 

displaying giant magnetoresistance (GMR) effect, suitable for magnetic field sensors 

and spintronic nanodevices [7-10]; Ag/ZnO nanowires suitable for photocatalysis, 

photochemical conversion and hydrogen generation [11]; CdTe/Au/CdTe trilayered 

nanowires for detection of DNA molecules [12]; FeCo/Cu barcode nanowires for 

magnetic control of biomolecule desorption [13]; Ni/CoPt exchange coupled 

patterned media [14,15]; multilevel recording [16,17] and so on. The progress in all 

these applications has been possible due to the tremendous advancement in the 

various synthetic methods to fabricate hybrid nanowires, including 

electrodeposition inside the pores of hard templates, electrospinning, or one-

dimensional conjugation of building blocks (e.g., nanoparticles) [1,5]. 

In terms of magnetic applications, the use of arrays of multisegmented nanowires 

instead of multilayered magnetic continuous films is appealing for several reasons: (i) 

GMR elements with current-perpendicular-to-plane geometry can be easily 

fabricated in high-aspect ratio structures (such as nanowires) [18], minimizing the 

variation of the intralayer thicknesses, which is detrimental for the GMR effect; (ii) a 

large number of segments with uniform thickness can be obtained in a fast and 

inexpensive way using pulse electrodeposition, thus enhancing the GMR effect by 

virtue of the increase in the number of magnetic layers with antiparallel orientation; 

(iii) a high areal density of multiplex sensors can be prepared for the simultaneous 

detection of several chemical agents, in the form of miniaturized devices. In all these 

cases, though, it is of upmost importance to be able to fully control the orientation 

of the different magnetic segments comprising the nanowires. This is possible by the 

use of external magnetic fields, provided that each magnetic segment exhibits a 

well-defined, sufficiently different, coercivity value. However, if the interwire lateral 

distance and/or the separation between the magnetic segments inside each 

nanowire are exceedingly small, then dipolar magnetic interactions are enhanced 

and can cause undesirable magnetic switching and concomitant loss in the 

functionality of the hybrid nanowires. Dipolar interactions are indeed detrimental 

for the magnetic stability of the multi-segmented nanowires, since the magnetic 

switching of one layer or nanowire may accidentally switch the neighboring ones. 
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Hence, a clear understanding of the effects of magnetic interactions as a function of 

the geometrical arrangement of the hybrid nanowires is indispensable to optimize 

their performance. However, this problem is difficult to be theoretically tackled by 

conventional micromagnetic simulations, because the computation time drastically 

rises as the number of simulated ferromagnetic elements is progressively increased 

[19]. Hence there is an increasing need to develop new, time-saving, models to 

simulate the collective behavior large arrays of complex nanowires. 

In this article we introduce an efficient model to simulate the collective magnetic 

behavior of large arrays of multi-segmented nanowires with a high aspect-ratio 

(length-to-diameter ratio, c/a = 5). This model is based on a coarse discretization of 

the nanowires in boxes, each considered as a single magnetic dipole, interacting 

magnetostatically with the other boxes. After validating the approximations by 

comparison with more accurate calculations (i.e., analytic and micromagnetics), we 

study the magnetic response of large arrays of nanowires, including the case of 

segmented wires. The results show that stable, well-defined, magnetization states 

can be obtained, provided that the wires are approximately separated in the 

horizontal direction a distance 1.5-2 times their diameter and the segments are 

about one diameter apart in the vertical direction (depending on the anisotropy of 

the hard phase).  

The reversal modes of single nanowires have been studied widely in the literature 

[20-25]. Analytical calculations evidence, depending on the relation between the 

exchange length (lex) and the length-to-diameter ratio, two main reversal modes, 

coherent rotation and curling, although more advanced analyses have shown the 

possibility of reversal by nucleation of transverse domain walls [26-28]. Moreover, 

micromagnetic simulations have demonstrated other reversal modes like nucleation, 

propagation and annihilation of 3D vortex states [29, 30].  

In arrays of such nanowires the field at which the magnetization deviates from 

uniformity, Hdu, is particularly complex to study since it must be calculated over each 

of them and taking into account the whole ensemble of nanowires. Analytic studies 

assuming hexagonal arrangement of nanowires have shown the need for adding an 
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additional term to the Hdu of a single nanowire [20, 31]. This term may be 

interpreted as an average of the magnetostatic field and thus it depends linearly on 

the saturation magnetization and the density of nanowires [32] (e.g., the porosity of 

the template used to fabricate them [33]). This magnetostatic field reduces the Hdu 

predicted for coherent and curling modes in single nanowires [20]. Other methods 

involve calculating the field of neighboring nanowires using accurate methods, but 

describing the field of further wires as a continuum [34,35]. Micromagnetic 

calculations have been performed considering few nanowires [36] or applying 

periodic conditions to the algorithm [37]. In spite of these efforts, reliable tools to 

systematically scale up to a representative large number of nanowires are still 

lacking.    

We first consider a nanowire with the shape of a prism with square base of side a 

and length c (see inset in figure. 1(a)). The nanowire is divided into cubic boxes of 

side a, with a dipole of magnitude MSa
3 in the middle of each box, where MS is the 

saturation magnetization of the material. We assume that the whole nanowire is 

uniformly magnetized either in the positive or negative z direction (along the c 

direction) and we evaluate the total field at the center of each box, that is the sum 

of the applied field and magnetostatic fields created by all other boxes in the same 

nanowire and in neighboring nanowires. The magnetization of the nanowire 

switches when the maximum (in absolute value) of the z component of the total 

field is opposed to the overall nanowire magnetization and is larger than a certain 

threshold Hcrit. This criterion can be mathematically formulated as follows. All boxes 

have the same magnetization                 and the field created by the j box at 

the center of the i box is              
   

     
   , where     is the distance between 

the centers of boxes i and j. Since the applied field is           , the total field at the 

center of the i box is 

                                          .                                      (1) 

If k is the box where      is maximum for all i, then the magnetization of the 

nanowire switches when       crit and sign      sign( ). 
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When this criterion is fulfilled, all the boxes of the nanowire switch together. The 

parameter Hcrit takes implicitly into account the anisotropy of the involved materials. 

In the case of ideally soft (i.e., no magneto-crystalline anisotropy) nanowires, for 

simplicity, we assume Hcrit = 0. For the case of hard (large magneto-crystalline 

anisotropy) nanowires this threshold is taken of the order of saturation 

magnetization MS, Hcrit ~ MS (similar to [38] for hard magnetic materials). One could 

choose Fe and CoPt as soft and hard ferromagnetic materials, respectively, as 

examples of actual materials. 

The weaker magnetostatic field (in absolute value) is at the wire edges [39] (having 

less neighboring boxes), so Hdu of an isolated soft nanowire is equal to the 

magnetostatic field at a box at the tip of the wire. This can be calculated as the sum 

of the magnetostatic fields that all the cells (with a magnetic dipole each one) create 

to the one at the edge, which can be analytically calculated as 
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where we have chosen the origin of coordinates at the center of the top box of the 

nanowire, so the each box is placed at                      with i=1,...,c/a, and 

where  (x) and  (x) are Polygamma function of second order and the Riemann Zeta 

function, respectively. This expression can be obtained from Eq. 1 by setting Ha=0 

and i=1, where 1 corresponds to the index of the edge box and c/a the number of 

the boxes in the NW. In figure 1 we analyze the case of an isolated nanowire. Figure 

1a compares the results of this simple box model for soft nanowires (Hcrit = 0) having 

aspect ratio c/a = 5 with a micromagnetics simulation [40] (using a = 4lex, where lex = 

 
  

    
  and A is the exchange stiffness constant). Note that, although we consider 

Hcrit = 0, the soft nanowire simulated by the box model has some coercivity due to 

the shape anisotropy. Namely, at zero-applied field, the total field (now only the 

magnetostatic field created by all the boxes of the nanowire) has the same direction 

as the magnetization of nanowire, thus there is no switching despite the Hcrit = 0. 
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Consequently, an extra field of opposite direction is required to overcome the 

dipolar field and hence induce the switching.  

 

Figure 1 (a) Hysteresis loops for a single nanowire with aspect ratio c/a=5 using 

micromagnetic theory (a = 4lex) and our simplified box model with Hcrit=0 (soft wires) 

in black and red curves, respectively. A schematic representation of a nanowire with 

c/a=5 is shown in the inset. (b) Normalized Hdu as a function of the normalized 

length of the nanowire, c, for the cases: micromagnetic calculation for a = 4lex (black 

curve), SW model for a, c << lex (grey dash-dotted curve), and the box model (solid 

red curve).  

As seen in figure 1(a), the hysteresis loops calculated using micromagnetics and our 

simple box model are rather similar.  Moreover, in the micromagnetics case, the 
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deviation from uniformity field Hdu and the switching field (field at which the 

magnetization switches its direction) are nearly the same. This allows considering 

only uniform states during the nanowire magnetization reversal in the box model, 

and therefore the only parameter that characterizes each hysteresis loop is Hdu. To 

further verify the validity of our model, in figure 1(b) we plot the normalized 

deviation from uniformity field Hdu/Ms as a function of the aspect ratio c/a of the 

nanowire using micromagnetics (assuming a = 4lex), and the box model using Eq. 2. 

For reference, we also plot the case c, a << lex, corresponding to the classical Stoner-

Wohlfarth (SW) case [41], in which the magnetization remains uniform due to the 

large exchange interaction (only valid if the nanowire has very small dimensions). All 

calculations converge to the same Hdu = 0 when the nanowire becomes a cube (c = a), 

because in this case the magnetostatic energy does not depend on the 

magnetization direction (i.e., no shape anisotropy). For larger c/a, Hdu increases 

because of the difference in magnetostatic energy between the magnetization 

parallel and perpendicular to the wire, as predicted in [41]. For all aspect ratios, the 

largest (negative) Hdu corresponds to the SW limit in which not only the 

magnetization is uniform, as in the box model, but also the demagnetizing field is. 

Micromagnetic calculations allow for small deviations of the magnetization (e.g., the 

formation of 3D flower states at the edges of the wires), therefore decreasing the 

magnetostatic energy of the nanowire (with respect to the uniform case). This 

results in a reduction of the switching field with respect to the SW model. 

Interestingly, the Hdu obtained from the simpler box model roughly follows the trend 

of the micromagnetic calculations in the whole range of c/a, although it shows a 

slightly smaller Hdu field since it only considers the field at the edges of the 

nanowires (where it is weaker). However, the predicted Hdu is reasonably similar to 

the one calculated with micromagnetics for the whole c/a range. These results 

justify the use of our simple box model instead of tedious micromagnetic 

calculations to undertake the analysis of the switching behavior of large arrays of 

nanowires. Actually, the computation time of both models depends mainly on the 

evaluation of the magnetostatic field over all the elements and it is thus 

proportional to the square of their number. Micromagnetic boxes have a typical 

length ~lex (or smaller) [42,43]. Instead, our model assumes that each box is a cube 
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with side box = a. Therefore, there are (a/lex)
3 more micromagnetic cells than boxes, 

and as a consequence the calculation time when using the box model is reduced by 

a factor (a/lex)
6. This implies that while the box model can treat a very large number 

of wires, the same arrangements turn computationally impossible to be treated by 

micromagnetics. 

Next, we consider regular square arrays of Nx  Ny nanowires, with Nx = Ny =N, 

separated by a distance d along x and y directions (see sketch in figure. 2(b)). 

Starting from large (positive) applied fields, all the nanowires are initially magnetized 

in the same direction. Each wire experiences a negative field along z due to the 

magnetostatic interaction with the rest of the wires, which will depend on the 

distance between them. In general, the overall magnetostatic field has a maximum 

(in absolute value) at the central nanowire (assuming N odd); therefore this wire is 

the one that switches first and determines Hdu of the whole array. In figure 2(b) we 

show Hdu for an N = 20 arrangement as a function of the inter-wire distance. When 

the nanowires get closer to each other (d → 0) the switching field is large and 

positive, in the same direction as the initial magnetization. As the distance between 

nanowires is increased, their interaction becomes weaker and the deviation from 

uniformity field becomes negative, tending to the value for an isolated nanowire 

when d is large (see figure 1(b)). In particular, the magnetic interaction energy 

between two identical nanowires decreases with d and follows the dipole-dipole 

interaction dependence 1/d 3 for d > 2c (d > 10a) giving negligible long-range 

interaction values (see figure 2c) in agreement with figure 2b. Similar results were 

analytically predicted by Guslienko [44] in in-plane magnetized circular cylindrical 

dot arrays. Interestingly, the shape of the hysteresis loops of the arrays changes 

considerably with d compared to the one of isolated nanowires. The loops are no 

longer squared but tilted, as depicted in figure 2(a). 
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Figure 2 (a) Hysteresis loops for d → 0 (blue) and d →   (red) for N = 20 with aspect 

ratio c/a = 5. (b) Normalized Hdu for a sample with N = 20 as a function of the 

separation d. Shown in the inset is a schematic representation of the nanowire 

arrangement. (c) Normalized magnetic interaction energy as a function of the 

separation d for the cases of two identical uniformly z-magnetized nanowires with 

MS (solid red), each one simulated as a pair of magnetic pointed charges of value 

       
  separated a vertical distance c, and two identical magnetic dipoles 

with magnetic moment              
     (dashed blue). 
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Figure 3 Hysteresis loops for a soft and a hard segment (see sketches) with c/a=5, 

separated (a) an infinite vertical distance (dz →  ) and (b) at zero vertical distance 

(dz → 0). 

We now consider segmented nanowires with a magnetically soft segment (Hcrit = 0) 

and a hard segment (Hcrit = 3/4MS), both with aspect ratio c/a = 5. The saturation 

magnetization for the hard segment is MS and for the soft one is 2MS, so when the 

whole nanowire is uniformly magnetized its overall saturation magnetization is MT = 

3MS/2. Shown in figure 3(a) is the loop for a single segmented wire where two 

segments are infinitely separated along the wire (dz →  ), so that they do not 

interact magnetostatically. The hysteresis loop is simply the weighted sum of their 

individual loops, where the first and second jumps correspond to the reversal of the 

soft and hard segments, respectively. As can be seen in figure 3(b), for a single 

segmented wire when the two segments are in close proximity but not in contact 

(i.e., dz → 0, interacting magnetostatically but neglecting exchange effects), the loop 

shows a very slightly increase in the switching field of the soft part and an 

appreciable decrease in the switching field of the hard part with respect to the non-

interacting case (dz →  ). In the interacting case, when saturated in a positive 

applied field the box that feels a weaker field in the soft part is the one away from 

the interface. Thus, the field at this cell determines the switching field, which 

increases only slightly because the field exerted by the hard segment over it is 

relatively weak and in the same direction as the magnetization. In contrast, once the 

soft segment has switched, the weaker magnetostatic field over the hard segment is 
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in the interfacial box because of its proximity to the negatively magnetized soft 

segment, thus, the soft segment induces a field opposite to the magnetization of the 

hard segment therefore reducing its Hdu. 

 

Figure 4 (a) Hysteresis loops for four arrangements of N = 20 arrays of hard/soft 

segmented nanowires, as shown schematically in the inset. The green curve 

corresponds to zero separation d = dz=0, blue to d = dz = a, red to d = dz = 2a, and 

black to d = dz = 3a. (b) Normalized size of the field plateau, H/Hmax, as a function 

of the normalized separation between nanowires in the horizontal direction, d, and 

vertical separation between soft and hard segments dz in the vertical direction. 

Points (1)-(4) correspond to the cases plotted in (a). 
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To evaluate the feasibility to obtain multiple well-defined states using segmented 

wires, arrays of nanowires consisting of a soft and a hard segment (sketched in 

figure 4(a)) are considered. To optimize the design of the composite material, we 

analyze in a systematic way the effect of the in-plane distance of the wires in the 

array, d, and the distance between the soft and hard segments in each nanowire, dz. 

As can be seen in figure 4(a), when their separation is large (d ≥ 2a) the loop is 

almost the same as in figure 3(a), with well-established states, thus suitable for 

applications requiring multiple-states.  

However, for very small distances the loop radically changes as a consequence of the 

interactions among the wires and their segments, leading to a rounded shape, not 

useful for most technological uses. To establish the boundary of d and dz to attain 

two well-defined states in each hysteresis sub-loop we use the width of the plateau 

H in the hysteresis loop as a quality parameter. To normalize it, we divide H by its 

maximum possible value, Hmax, i.e., when all segments are completely isolated [see 

figure 3(a)]. In figure 4b we show H/Hmax for different in-plane (d) and out-of-

plane (dz) separations. It can be seen that for inter-wire distances below d/a = 1 the 

loop has no step, i.e., H/Hmax ~ 0, thus, unusable for most purposes. If we set 

H/Hmax ~ 0.5 as an indispensable requirement for a stable state, the minimum d 

suitable for applications would be about 1.5a (for moderate dz). On the other hand, 

the system is less sensitive to the vertical separation dz between wires. For example, 

for d = 2a we would need only dz = 0.5a to fulfil the H/Hmax ~ 0.5 criterion. These 

results indicate that the magnetostatic interaction from vertically separated 

segments is weaker than that for horizontal ones. 

If the anisotropy of the hard segments is increased, for example by increasing the 

threshold to Hcrit = MS, we obtain a figure similar to figure 4(b) but with larger values 

of H/Hmax (not shown). The general trends are similar to figure. 4b although the 

data is shifted to the left and down, that is, for d = 2a and dz = 0.5a we obtain 

H/Hmax ~ 0.7. Consequently, to fulfil H/Hmax ~ 0.5 criterion only d = 1.5a and dz 

= 0.25a would be necessary for this higher anisotropy case. Hence, in principle, 

designing multi-level nanowires with higher anisotropies of the hard counterpart 

would be desirable to increase the magnetic stability while safely operating the 
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system. However, the maxim field available from the electromagnetic coils to 

establish the orientation of the hard layer would set the limit for the maximum 

allowable anisotropy. 

 

In conclusion, we have presented a simple but powerful model to describe the 

magnetization switching of large arrays of segmented nanowires. Our model is 

capable of predicting the distances over which nanowires do not interact 

appreciably with their neighbors (horizontal separation d > a). At the same time we 

demonstrate that nanowires made of segments of different coercivity and 

saturation magnetization can be used to attain antiparallel or parallel magnetic 

alignment, as required in magnetic sensors based on the GMR effect and other 

applications based on multiple-states. Thus, the model can become a useful tool to 

efficiently design future optimized spin-valve like sensors or even other applications, 

such as high-density multi-level recording media or magnetic encoders.  
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Chapter 4: Futher insights into 
nanowires and porous films 

In the previous chapter, template-assisted electrodeposition in its three different 

modalities, namely dynamic, self-organized and restrictive template-assisted 

electrodeposition, is proposed. In section 3.1, we take advantage of hydrogen 

bubbles evolved during electrodeposition of Cu-Ni to prepare magnetic foam films. 

In section 3.2, it is demonstrated that porous Cu-Ni films can be decorated with ZnO 

nanoparticles previously synthesized by sol-gel, without causing any deterioration of 

the pristine Cu-Ni properties.The electrodeposition of nanowires comprising CoPt, 

Cu and Ni segments is presented in section 3.3, here using PC membranes as a 

restrictive template.  

In this Chapter 4, supplementary works also dealing with template-assisted 

electrodeposition approaches and thematically connected with Chapter 3 are shown. 

The influence of crystallographic texture on the robustness of interfaces in tri-

segmented CoPt/Cu/Ni and bi-segmented CoPt/Ni magnetic NWs is shown in section 

4.1. This study reveals that smooth and robust junctions are formed between CoPt 

and Ni in bi-segmented NWs. On the contrary, Cu, which deposits in the (200) 

textured fcc structure, cannot accommodate well on the c-axis oriented hcp CoPt. As 

a result, tri-segmented CoPt/Cu/Ni NWs often show defective junctions. Magnetic 

measurements reveal that staircase-like hysteresis loops also hold for the bi-

segmented NWs, likely because interfacial exchange interactions between the Ni 

and CoPt counterparts are not sufficient to force a simultaneous magnetization 

reversal.  

Apart from sol-gel deposition approaches, another harmless coating technique –

atomic layer deposition (ALD) – is described in section 4.2. Different metal oxides 

(Al2O3, which is insulating, and Co2FeO4, which is ferrimagnetic) are conformally 

deposited by ALD onto 3D porous Ni films previously synthesized by hydrogen 

bubble-assisted electrodeposition. The thickness of the ALD nanolayers varies from 5 
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nm to 25 nm. Interestingly, the saturation magnetization of the material remains 

virtually the same after the ALD process and, simultaneously, the surface becomes 

slightly more polar.  

Finally, nanoporous Ni films deposited using tri-block polymer P123 as a self-

organizing template are presented in section 4.3. The growth of Ni follows a quasi-

perfect layer-by-layer deposition, in which the pore size gradually varies along film 

thickness. A reduction of both the Young’s modulus and the constraint factor are 

observed when the maximum applied load is decreased, while hardness remains 

constant. These results can be understood on the basis of the increase in porosity 

and the decrease of ligament size with film thickness. These results are jointly 

presented with the nanomechanical behavior of dealloyed Cu-Zn ribbons (this part 

of the work was conducted by Dr. Jordina Fornell from Gnm3 group). Modeling of 

the nanomechanical behavior of both nanoporous electrodeposited Ni and 

dealloyed Cu materials was carried out by Dr. Daniel Esqué-de los Ojos from Gnm3 

group as well.  
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4.1 Toward robust segmented nanowires: Understanding the impact of 

crystallographic texture on the quality of segment interfaces in 

magnetic metallic nanowires 

Segmented nanowires (NWs) have found a wealth of applications due to their 

multifuctionality, arising from complementarities and synergies among segments of 

different materials. However, to ensure a practical use of segmented NWs, high 

quality interfaces between dissimilar segments must be ensured. Herein, tri-

segmented CoPt/Cu/Ni NWs and bi-segmented CoPt/Ni magnetic NWs are 

fabricated by means of template-assisted electrodeposition and the characteristics 

of their interfaces are investigated in detail. The presence of a Cu segment 

sandwiched between the CoPt and the Ni segments severely affects the integrity of 

the whole NW. Namely, Cu deposits in a (200) textured face-centered cubic (fcc) 

structure, which cannot accommodate well on the c-axis oriented hexagonal close-

packed CoPt. Instead, when the Cu segment is absent, well-connected CoPt/Ni NWs 

with smooth interface are obtained. Unlike the Cu segment, Ni shows the (111) 

textured fcc structure, which holds good crystallographic matching with the 

underlying CoPt segment. Magnetic measurements reveal that CoPt/Ni NWs exhibit 

staircase-like hysteresis loops similar to the tri-segmented CoPt/Cu/Ni NWs. Such 

loop shape stems from the dissimilar coercivity between the hard (CoPt) and soft 

(Ni) segments. The bi-segmented NWs (with robust interfaces) are appealing for 

multi-bit recording media, magnetic nanoelectromechanical systems and 

magnetically-driven wireless drug delivery nanoplatforms. 

 

4.1.1 Introduction 

Owing to their unique chemical, size, shape and composition dependent properties, 

nanowires (NWs) have become appealing for a wide range of technological 

applications, including nanoelectronics,[1,2] optoelectronics,[3,4] catalysis,[5] sensing,[6] 

plasmonics,[7] and drug delivery.[8,9] Segmented NWs can be considered as an 

upgrade to single-component / single-phase NWs, as the combination of dissimilar 



  Chapter 4: Futher insights into nanowires and porous films 

208 
 

materials within a nanoarchitecture leads to unique combined properties and 

synergies. Specifically, segmented NWs with magnetic properties have found several 

uses in devices such as giant magnetoresistance sensors,[10-12] or biomedical 

transducers,[13] among others. The ability to control the relative orientation of the 

magnetization between various magnetic segments in multi-component NWs can 

trigger new applications of these materials in multi-bit magnetic recording 

media[14,15] or as synthetic ferrimagnets with reduced dipolar interactions for spin-

valve sensors.[15,16]   

A major challenge in assembling building blocks, such as segments of different 

materials consists of securing a good quality interface at the junctions, not only for 

ensuring the mechanical robustness of the final ensemble, but also for enabling an 

effective synergy or combination of properties.[17-20] The occurrence of porous, wavy 

or cracked interfaces can severely affect or hinder the practical application of 

segmented NWs.  

Electrodeposition inside the pores of anodized aluminum oxide (AAO) or 

polycarbonate (PC) membranes is frequently utilized to synthesize ordered arrays of 

segmented or layered magnetic NWs.[21-24] To date, segmentation is achieved mainly 

by two different means: (i) sequential electrodeposition by switching the working 

electrode between different electrolytes[25,26] or (ii) electrodeposition from a single 

bath by swapping the deposition potential or current density.[13,26-28 The former 

approach minimizes the co-deposition of different metals within the same segment 

and thus compositionally pure segments can be obtained.  

In a previous work, the synthesis of tri-segmented CoPt/Cu/Ni NWs by template-

assisted electrodeposition was demonstrated.[26] The possibility to tune the length of 

different segments in order to achieve room-temperature staircase-like hysteresis 

loops was proven. Full antiparallel alignment between hard (CoPt) and soft (Ni) 

segments and, hence, zero remanent net magnetization rendered NWs with very 

weak dipolar interactions, thus minimizing their agglomeration in eventual biological 

applications. However, the characteristics of the different interfaces were not 

explored in detail. This is a serious issue in applications for which the NWs need to 
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be released from the template because if the junctions are not well-built, then NWs 

unavoidable break up across the interface.  

Herein, we present a detailed characterization of the interfaces in segmented hard-

ferromagnetic/soft-ferromagnetic CoPt/Ni NWs with and without the presence of a 

non-magnetic Cu spacer, obtained by sequential electrodeposition in PC membranes. 

Tri-segmented CoPt/Cu/Ni and bi-segmented CoPt/Ni NWs are taken as model 

systems for studying the characteristics of the CoPt/Cu, Cu/Ni, and CoPt/Ni 

interfaces. Contrary to the CoPt/Cu interface, smooth and robust junctions are 

formed between CoPt and Ni, thus ensuring a good adhesion between these two 

segments. The observed trends are rationalized on the basis of the different 

crystallographic features exhibited by CoPt, Cu, and Ni segments. Furthermore, 

magnetic measurements reveal that staircase-like hysteresis loops are obtained at 

room-temperature for both systems, even when Cu is absent between the two 

ferromagnetic segments. Our study highlights the importance of the interface 

quality in layered nanostructures in order to optimize their performance and 

guarantee a correct and reliable operation. 

 

4.1.2 Experimental Section  

4.1.2.1 Experimental details 

Track-etched polycarbonate (PC, Nuclepore, Whatman) membranes with on-top 

pore diameter ranging from 40 nm to 60 nm were used for fabricating the 

segmented NWs. A thin layer of Au-Pd was sputter deposited onto one side of the 

PC to serve as working electrode. The PC membrane was sequentially mounted onto 

a Cu plate held inside a homemade plastic holder, leaving a circular area of 3.14 cm2 

exposed to the electrolyte. The mounted holder was firstly kept in ultrasonic 

cleaning for 3 min to get rid of the air entrapped inside the pores. All the 

experiments were performed on a PGSTAT302N Autolab potentiostat/galvanostat 

(Ecochemie). Platinum spiral was utilized as the counter electrode (CE), which was 

positioned vertically facing the working electrode (WE). A double junction Ag|AgCl 
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3M KCl electrode (E= + 0.210 V versus standard hydrogen electrode (SCE)) was used 

as the reference electrode (RE). All chemicals were of analytical grade and used as 

received without further purification. Electrolyte solutions were prepared from 

ultrapure water.  

CoPt, Cu and Ni segments were prepared by direct current electrodeposition as 

follows. The CoPt electrolyte consisted of 30 mM Co(SO3NH2)2·xH2O, 2 mM 

Pt(NH3)2(NO2)2, 0.1 M glycine, 0.1 M sulfamic acid, 5 mM saccharine and 0.1 M 

sodium citrate, and the deposition parameters were held constant with j = –10 

mA/cm2, pH = 8.5, T = 65 °C. Cu segment was grown potentiostatically at E = –1 V in 

a bath containing 0.2 M CuSO4·5H2O and 0.1 M boric acid. Ni segment was deposited 

under a constant current density of –10 mA/cm2 and the bath contained 0.1 M NiCl2 

and 2 M NH4Cl as buffer agent. The sequence for segmented NWs deposition was: 

CoPt segment, Cu segment and Ni segment (tri-segmented NWs) or CoPt segment 

and Ni segment (bi-segmented NWs). The deposition processes for Cu and Ni 

segments were carried out under 25 °C. Ar was purged through the solution so as to 

ensure the proper mixture of ions and to remove the gas bubbles from the sample 

surface. For electron microscopy observations, the segmented NWs were released 

by dissolving the PC template in chloroform and washed several times afterwards.  

4.1.2.2 Characterization 

Scanning electron microscopy (SEM) images and energy-dispersive X-ray 

spectroscopy (EDX) compositional analyses were acquired using a Merlin Zeiss 

microscope operated at 3 kV and 15 kV, respectively. Specimens were prepared via 

drop-casting a droplet of NWs suspended in chloroform onto an aluminum foil and 

subsequent drying in air. Transmission electron microscopy (TEM) analyses were 

done on a Jeol-JEM 2011 system with a field emission gun operating at 200 kV. 

STEM-EDX analyses were performed on a Tecnai F20 HRTEM / STEM microscope. For 

both TEM and STEM-EDX observations, a couple of drops of NWs suspended in 

chloroform were placed onto a carbon-coated TEM grid. X-ray diffraction patterns of 

the segmented NWs (before PC removal) were recorded on a Philips X’Pert 

diffractometer in the 30-100° 2 range (step size = 0.026°, step time= 2000 s) using 
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Cu K radiation (=0.154178 nm). Hysteresis loops were recorded at room 

temperature using a vibrating sample magnetometer (VSM) from Oxford 

Instruments, with a maximum applied magnetic field of 0.5 Tesla.  

 

4.1.3 Result and discussion 

 

Figure 4.1: Scheme of the fabrication process of tri-segmented CoPt/Cu/Ni and bi-

segmented CoPt/Ni NWs.  

The NWs were deposited inside the channels of a PC membrane (Figure 4.1). The PC 

backside was sputter-coated with a Au-Pd layer to make it conductive. CoPt was first 

electrodeposited followed by Ni (CoPt/Ni NWs) or followed by Cu and later Ni 

(CoPt/Cu/Ni NWs). Details of different bath formulations and deposition parameters 

can be found elsewhere.[26] The PC membrane was selected over AAO because the 

former is particularly well suited for further assessing the magnetic behavior of 

individual NWs still embedded in the template,  as the pores are separated enough 

from each other (see Figure 4.2). Assessing the magnetic behaviour of isolated NWs, 

rather than the collective behaviour of the array is important in devices such as 

nanoelectronic machinery or magnetically driven drug delivery nanocarriers. Such 

information is obtained provided that the NWs are sufficiently separated from each 

other, so that interwire dipolar interactions are minimized. Besides, PC can 

withstand the alkaline electrolyte needed to electrodeposit hard-magnetic CoPt. 
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According to several works on CoPt electrodeposition, hard-magnetic properties are 

easierly achieved in the as-deposited state when the alloy is plated from alkaline 

baths above room temperature, typically at 50-60 ℃.[29-31] Under these conditions, 

Co-rich alloys with hexagonal close-packed phase are frequently obtained. 

Unfortunately, AAO cannot tolerate pH values beyond 8.2 (at room temperature) 

and undergoes dissolution in the electroplating bath,[32] which is even exacerbated 

at higher temperatures. The NWs had a mean diameter of 100 nm and the overall 

length was ca. 3.6 m for the bi-segmented and 5 m for the tri-segmented NWs. 

For the CoPt segment, deposition conditions were optimized so that a Co-rich alloy 

with Co70Pt30 stoichiometry was obtained.[26] 

 

Figure 4.2: SEM image of polycarbonate (PC) membrane with an average pore size of 

50 nm and rather large interpore distance.  

A backscattered electrons SEM image of the tri-segmented CoPt/Cu/Ni NWs is 

shown in Figure 4.3a, in which CoPt and Cu segments can be easily distinguished 

thanks to their different contrast (CoPt looks bright while Cu looks dark). The 

CoPt/Cu junctions look rather discontinuous and some NWs have broken along the 

CoPt/Cu interface. On the contrary, it is difficult to locate the boundary between the 

Cu and the Ni segments because both elements possess similar atomic weights (i.e., 

they have similar electron dispersing capability and, hence, contrast under SEM). 

Moreover, no defects such as cracks or pores, that could eventually reveal the 

location of the interface, were detected. Therefore, the interface between Cu and Ni 

is seemingly very smooth. A zoomed view of CoPt/Cu junction was further taken by 
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TEM. Figure 4.3b shows severely cracked and/or porous interfaces between the 

CoPt and the Cu segments. Notice that here the contrast is opposite to the SEM 

(CoPt looks darker than Cu). The occurrence of such defective junctions unavoidably 

leads to the detachment of many CoPt segments when the NWs are released from 

the PC membrane. As a result, multiple broken NWs are observed by both SEM and 

TEM. Figure 4.4a shows a representative SEM image of a bi-segmented CoPt/Ni NW. 

Unlike the tri-segmented case, detached CoPt segments are rarely observed by SEM. 

TEM imaging further reveals that the CoPt and the Ni segments are well attached 

(Figure 4.4b). The corresponding lengths can be straightforwardly determined 

thanks to the contrast. Under the applied electrodeposition conditions,[26] the CoPt 

segment is 0.9 μm long and the Ni segment has a length of 2.9 μm.  

 

 

Figure 4.3: (a) Back-scattered electrons SEM image of tri-segmented CoPt/Cu/Ni 

NWs. The red dotted circle embraces the CoPt/Cu interface. The big black dotted 

circle and the arrow points to a group of broken NWs (b) TEM image of the CoPt/Cu 

interfaces in tri-segmented CoPt/Cu/Ni NWs. 
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Figure 4.4: (a) Back-scattered electrons SEM and (b) TEM images of a bi-segmented 

CoPt /Ni NW. The red dotted circles embrace the CoPt/Ni interface. 

It is known that the structure and properties of a deposit are greatly influenced by 

the piling layer upon which plating is carried out.[33] Besides, adhesion of deposits to 

the piling layer is greatly affected by texture. It is conjectured that the defective 

interface between the CoPt and the Cu segments is mainly due to lattice mismatch. 

To verify this hypothesis, NWs made of either CoPt, Ni or Cu were electrodeposited 

inside the PC membrane using the same baths and deposition parameters as for the 

segmented cases. X-ray diffraction (XRD) analyses of the individual (non-segmented) 

CoPt, Ni and Cu NWs embedded in the PC membrane were carried out and the 

results are presented in Figure 4.5. All the diffractograms show peaks arising from 

the Au-Pd conductive layer sputtered onto the PC backside before electrodeposition. 

In the case of Cu NWs, four diffraction peaks at 2θ = 43.3°, 50.4°, 74.1° and 89.9º,  

ascribed to the (111), (200), (220) and (311) reflections, respectively, of the face-

centered cubic (fcc) phase, are observed. By comparing the tabulated and 

experimental peak intensities (I) of (111) and (200) reflections, some conclusions can 

be drawn. The ratio of the integral intensity of the (200) peak to that of the (111) 

peak, I(200) / I(111), is 1.02, which is larger than the tabulated value for randomly 

oriented Cu (0.46).[34] This indicates the growth of {100} textured Cu during the 

electrodeposition process. Duan et al.[35] have previously reported the occurrence of 

various textures in fcc-Cu films depending on the electrodeposition conditions (pH, 

applied potential and temperature). The {100} or {110} textures are obtained at 
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relatively high H ions concentration in the bath, since H ions are prone to be 

adsorbed in the (100) and (110) high-surface-energy planes, causing a reduction of 

their surface energies to values even lower than for the {111} planes, thus 

promoting crystallographic texture along these directions. Hence, in our case, the 

rather acidic pH (3.93) could favor the {100} texture in Cu, at the expense of the 

most densely packed {111} planes. For Ni NWs, the fcc phase is also obtained. The 

experimental I(200) / I(111) ratio is 0.04, which in this case is much smaller than the 

theoretical ratio for randomly oriented Ni grains (0.42).[34] Hence, Ni shows the {111} 

texture. Again, the occurrence of texture in electrodeposited Ni coatings depends on 

the electrolyte composition and the operating conditions and typically there is not a 

sole origin. As observed by Amblard et al.,[36] the electrocrystallization of Ni is a 

highly inhibited process. Adsorbed hydrogen (Hads) species generated during 

electrodeposition are regarded as inhibitors for Ni deposition. In acid plating baths, 

the concentration of protons (H+) at the cathode neighborhood is large. They are 

discharged and immediately adsorbed onto the cathode, leading to its rapid 

depletion and a local increase of the pH at the Ni/electrolyte interface. This, in turn, 

promotes the precipitation of Ni(OH)2, which is believed to be another inhibiting 

species for metallic Ni deposition and to ‘promote’ a given mode of growth. Namely, 

(111)-oriented Ni deposits become stabilized by Ni(OH)2. The occurrence of texture 

can be also explained from the different growth rate of crystal facets.[37] Using a 

purely geometric argument, it can be demonstrated that fast growing faces grow out 

of existence whereas slow growing crystal faces survive. Densest faces have the 

slowest growth velocity. For the fcc, the velocity follows the order: {111} < {110} < 

{100} and, therefore, the (111) facet preferentially develops. 

The diffractogram for CoPt NWs is also shown in Figure 4.5. The most intense peak 

at 43.1° matches the 2θ position expected for either (002) hexagonal-closed packed 

(hcp) or (111) fcc phase of Co. The absence of a diffraction peak at ca. 51.5° (which 

should match the angular position of the (200) peak for fcc-Co), suggests that CoPt 

has fully crystallized in the hcp structure.[38] Moreover, the intensity of the (101) 

reflection is dramatically reduced as compared to the standard powder pattern, 

which suggests that the hexagonal c axis lies preferentially along the long axis of the 
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NWs.[39,40] This means that PtCo is also crystallographically textured, here in the [002] 

direction. 

 

Figure 4.5: XRD patterns of non-segmented Cu, Ni and CoPt NW arrays. Peaks 

denoted by  belong to the sputtered Au-Pd conductive layer onto the PC 

membrane. 

In order to verify whether the observed textures were maintained for the bi- and the 

tri-segmented NWs, the XRD patterns of CoPt/Cu/Ni and CoPt/Ni NW arrays 

embedded in the PC membrane were recorded (Figure 4.6). On comparing the 

profiles with those of Figure 4.5, the peaks coming from CoPt, Cu and Ni phases can 

be straightforwardly identified in the tri-segmented CoPt/Cu/Ni NWs diffractogram. 

Likewise, the peaks corresponding to CoPt and Ni phases show up in the bi-

segmented CoPt/Ni NWs pattern. CoPt maintains the (002) preferred orientation, as 

for the non-segmented case. This is predictable since CoPt is firstly deposited (i.e., it 

deposits onto the AuPd layer both in the non-segmented and segmented cases). 

Regarding the Ni segments, the relatively high intensity of the Ni (111) peak over the 

(200) suggests the occurrence of texture (both in the bi- and tri-segmented cases), 
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similar to the non-segmented case. However, the I(200)-Ni / I(111)-Ni ratio cannot be 

precisely quantified due to partial overlapping of the Ni (111) with CoPt (002) peaks. 

Concerning the Cu signal in the CoPt/Cu/Ni diffractogram, although the (111) 

reflection is masked by the (002) peak from CoPt phase, the relatively large intensity 

of the Cu (200) reflection suggests the occurrence of {100} texture as for the non-

segmented Cu NWs.  

 

Figure 4.6: XRD patterns of tri-segmented CoPt/Cu/Ni and bi-segmented CoPt/Ni 

NWs. Peaks denoted by  belong to the sputtered Au-Pd conductive layer.  

Considering the aforementioned structural features, one can actually anticipate the 

rather poor adhesion between CoPt and Cu segments. Since they grow in different 

crystallographic phases (hcp versus fcc), cracked and porous interfaces develop due 

to severe lattice mismatch. Analogous results were previously observed between 

hcp-Co and fcc-Au in multi-segmented Au/Co/Au NWs.[41] Meanwhile, even though 

CoPt and Ni also grow in different crystallographic structures, the adhesion between 

the segments is reasonably good. This can be understood taking the textures 

previously observed by XRD into account. The (001) planes of hcp-CoPt and the (111) 
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planes of fcc-Ni are planes of highest atomic packing (i.e., densest possible 

arrangements of atoms in 2D). Both can be described as a compact hexagonal 

arrangement of atoms in 2D, being structurally analogous to each other.[42] Indeed, 

the densest packing fashion along the [111] orientation of fcc phase matches the 

[001] oriented hcp planes (Figure4.7). It is known that duplication of the structure of 

the piling layer favors good connection and therefore a smooth interface between 

the CoPt segment and the subsequent Ni segment builds up. Such structural 

equivalence does not hold between the (001) planes of hcp-CoPt and the (100) 

planes of fcc-Cu.  

 

 

Figure 4.7: Putative densest packing of CoPt, Cu and Ni and schematic drawing of 

the interface in CoPt/Cu and CoPt/Ni. 
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Figure 4.8: a) TEM image of the tri-segmented CoPt/Cu/Ni NWs. b) STEM-EDX line 

scan taken at the junction between Cu and Ni segments enclosed in the dotted 

square in a). Images were acquired on a FEI Tecnai G2 F20 HR(S)TEM which features 

enhanced contrast with respect to Jeol-JEM 2011 microscope, thus enabling the 

location of the Cu/Ni junction to some extent. 

Despite Cu and Ni segments possess a different fcc texture, the Cu/Ni junction is 

rather difficult to be distinguished by both SEM and TEM, as mentioned above. For 

this reason, STEM-EDX line scan analysis was performed on a scanning transmission 

electron microscope (STEM) in order to determine the composition profile at the 

interface. Figure 4.8 shows a TEM image featuring a whole tri-segmented NW at the 

center. The EDX line scan was done along the portion enclosed in the red box in 

Figure 4.8a, therefore capturing the Cu/Ni interface composition. It can be seen that 

this portion embraces a porous region (right) and a denser region featuring brighter 

contrast (left) (Figure 4.8a). Porosity in Cu can be attributed to the hydrogen co-

evolution that accompanies cations discharge at the potential applied for Cu 

segment growth (E = –1 V vs. Ag/AgCl). As a result, deposits consisting of 

agglomerates of Cu grains are typically obtained.[43] As shown in Figure 4.8b, both Cu 

and Ni are detected within the analyzed portion. As the beam is scanning the NW 

toward the Ni segment, the Ni signal monotonically increases whereas the Cu signal 

starts to decrease. This proves that there is not an abrupt change in composition but 

rather Cu and Ni are present within a distance larger than 100 nm, thus rendering a 

relatively thick interface. It is conjectured that a small electrolyte volume remains 
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entrapped inside the pores of the PC membrane after Cu deposition. Upon switching 

to the Ni bath, the residual Cu2+ ions mix with the Ni electrolyte constituents. As a 

result, Cu-Ni might get codeposited within the first stages of Ni segment deposition. 

Co-deposition is indeed thermodynamically favored at the current density applied 

for Ni deposition (-10 mA cm-2).[44] Another possibility would be that Ni deposits in 

the upper voids left by the porous Cu segment until a flat Ni layer is formed. 

However, if this were the case one would expect greater fluctuation of the Cu and Ni 

signals along the EDX-line scan (i.e., Cu and Ni signals would somehow alternate).  

 

Figure 4.9: a) TEM image of the interface between Ni (left) and CoPt (right) 

segments in bi-segmented CoPt/Ni NWs. b) line-scan STEM-EDX analysis across the 

interface depicted with the red arrow in a), c) HRTEM image of the area enclosed 

with the red square labelled as ‘c’ in a), corresponding to the interface. d) HRTEM 

image of the area enclosed with the red square labelled as ‘d’ in a), corresponding to 

the Ni segment. 
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To get a better insight into the morphology of the well-formed CoPt/Ni interface, bi-

segmented CoPt/Ni NWs were further examined by HRTEM and STEM-EDX line 

analyses. As shown in Figure 4.9a, (111) textured Ni exhibits excellent adhesion to 

the (002) oriented hcp CoPt segment. When the electron beam was spotted onto 

the bright region in Figure 4.9a, only Ni was detected. The Ni signal gradually 

decreases down to negligible levels as the electron beam is swept through the 

Ni/CoPt interface (Figures 4.9b and 4.9c). Meanwhile, Co and Pt signals 

simultaneously increase until a constant value, leading to a Co/Pt atomic ratio of 7:3. 

The change from pure Ni to pure CoPt is accomplished within 20 nm. The resulting 

interface is thus thinner than for Cu/Ni. Figure 4.9c shows an HRTEM image of the 

junction, which proves the fine adhesion of Ni onto CoPt. Although the Ni segment is 

in fact polycrystalline, as observed by HRTEM (Figure 4.9d), many of the lattice 

fringes perpendicular to the NWs long axis could be assigned to the interplanar 

distance of (111) fcc (d = 0.2033 nm). Therefore, the presence of a large population 

of (111) facets would favor a good connection to the CoPt segment 

 

Figure 4.10: Room-temperature hysteresis loops of tri-segmented (CoPt (0.97 

m)/Cu (2.72 m)/Ni (1.74 m)) and bi-segmented (CoPt (0.9 m)/Ni (2.9 m)) NW 

arrays.  
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Hysteresis loops of segmented CoPt/Cu/Ni and CoPt/Ni NWs embedded inside the 

PC membrane were measured along the long axis of the NWs, as shown in Figure 

4.10. The magnetic dipolar interactions between neighboring NWs in PC membranes 

can be neglected, owing to the relatively large interpore distance (much larger than 

the pore diameter, very often exceeding 200 nm). Hence, in a first approximation, 

the loops correspond to the behavior of isolated, non-interacting NWs. Interestingly, 

both hysteresis loops reveal the magnetization switching of CoPt and Ni, since the 

two segments have different values of coercivity.[26] Although clear staircase-like 

hysteresis loops were expected for the tri-segmented case, this was not necessarily 

the case for the bi-segmented NWs. In principle, magnetic exchange interactions 

between CoPt and Ni should take place in the absence of a non-magnetic spacer (Cu) 

and, therefore, non-stepped loops might be obtained if the reversal of Ni and CoPt 

occurred simultaneously. However, magnetic measurements reveal that exchange 

interactions between CoPt and Ni in the bi-segmented NWs are not sufficient to 

force such simultaneous reversal, probably due to the small interface area between 

the two segments (as compared to their overall volume). Consequently, the two 

switching events can be separately observed, similar to what typically occurs in 

many types of exchange-interacting spring-magnets.[45,46] Moreover, even if Ni spins 

close to the interface would be pinned to some extent by CoPt, the spins at the 

center of the soft segment would be free to follow the external field, given the much 

longer length of Ni segmentsas compared to CoPt ones.Once the applied magnetic 

field exceeds the exchange field, the spins in the Ni segment exhibit a continuous 

rotation, leading to a relatively steep magnetization reversal.[46] The different ratios 

between the relative magnetization of the Ni and CoPt segments in tri- and bi-

segmented NWs are simply due to the dissimilar relative segment lengths in the two 

investigated systems, bearing in mind that the saturation magnetization of CoPt is 

approximately twice that of the Ni.[26] This difference in length of the Ni segments 

can also explain the difference in coercivity of the CoPt segments in the CoPt/Ni and 

CoPt/Cu/Ni NWs. Once the soft Ni segment is reversed, it exerts a dipolar stray field 

to the CoPt segment (tending to promote its reversal), which adds to the external 

applied field. Such dipolar stray field is higher for longer Ni segments, thus reducing 

the coercivity of CoPt.  
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4.1.4 Conclusion 

Bi-segmented CoPt/Ni NWs and tri-segmented CoPt/Cu/Ni NWs can be fabricated by 

electrodeposition in PC membrane by switching between different electrolytes 

(sequential-electrodeposition mode). The crystallography of the different segments 

and the occurrence of texture greatly determine the quality of the resulting 

interfaces. The Cu segment cannot accommodate satisfactorily onto CoPt owing to 

lattice mismatch. As a result, CoPt segment undergoes detachment from the rest of 

the NW upon PC dissolution. Meanwhile, the structural equivalence existing 

between (002) hcp CoPt and (111) fcc Ni favors the construction of a good quality 

junction. Both systems (bi-segmented and tri-segmented NWs) exhibit staircase-like 

hysteresis loops at room temperature. For the Cu-free CoPt/Ni NWs, the occurrence 

of a staircase-like hysteresis loop indicates that interfacial exchange interactions 

between the soft and hard counterparts are not sufficient to force a simultaneous 

magnetization reversal of both segments. The current findings will likely contribute 

to the advancement in the field of segmented magnetic metallic NWs. In 

applications requiring the use of isolated NWs or, at least, removal of the template 

(AAO or PC) (e.g. in NEMS or biomedical applications), the presence of robust 

interfaces is an essential requirement that needs to be attained before any 

optimization of the physical, chemical or physicochemical properties of these 

systems is attempted. 
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4.2 Conformal oxide nanocoatings on electrodeposited 3D porous Ni 

films by atomic layer deposition 

A versatile synthesis procedure to obtain Al2O3 and Co2FeO4 nanolayers conformally 

coating a three-dimensional (3D) porous Ni film is presented. First, porous Ni is 

grown by hydrogen bubble template-assisted electrodeposition. Subsequently, Al2O3 

and Co2FeO4 layers, with thickness ranging from 5 nm to 25 nm, are directly 

deposited onto the pore walls by atomic layer deposition, while maintaining the 

porous architecture and magnetic properties of the Ni scaffold. The crystal structure, 

thickness and distribution of elements within the composite coatings are 

investigated in detail. The resulting magnetic properties are assessed. Furthermore, 

wettability tests reveal that 3D porous Ni films become more hydrophilic after 

coating with Al2O3 or Co2FeO4. From a technological point of view, the obtained 

composite porous films could be appealing for applications like magnetically-

actuated micro/nano-electromechanical systems (MEMS/NEMS) or bio-

MEMS/NEMS, among others.  

Keywords:  Atomic layer deposition, H2 bubble template-assisted electrodeposition, 

conformal coating, 3D porous structure, magnetic properties, wettability 

 

4.2.1 Introduction  

During the last decades, much progress has been made towards the development of 

novel synthetic approaches to prepare nanocomposite materials with tunable 

composition and microstructure. Multiphase composite materials are interesting 

since they combine the properties of the different constituents, often in a synergetic 

manner. The generation of large amounts of interfaces (as it is the case in 

nanocomposites) allows exploring novel interfacial coupling effects. In turn, porous 

structures, with much larger surface area-to-volume ratio compared to their fully 

dense counterparts, are very appealing to enhance certain physico-chemical 

properties. In terms of applications, nanostructured porous materials have received 

considerable attention since they hold great promise in areas like drug delivery 



  Chapter 4: Futher insights into nanowires and porous films 

226 
 

systems[47,48], batteries[49], electrocatalysis[50-52], supercapacitors[53] or magnetic 

micro/nano-electromechanical systems (MEMS/NEMS)[54]. Recently, coating porous 

surfaces with different organic and inorganic materials has become an important 

route to obtain functionalized multiphase nanocomposites[55,56]. Depositing an 

insulating layer can reduce electrical shorting in MEMS/NEMS, while bio-

MEMS/NEMS can benefit from the coating with a hydrophilic layer, which allows 

greater wetting with aqueous biological fluids[57]. In turn, coating porous materials 

with a biocompatible layer makes them more amenable to be used in vivo, such as 

for drug delivery or diagnosis[58]. Moreover, besides its protective role, a coating can 

also serve as an integrated functional unit. For example, 3D porous Ni films can 

function as scaffolds to anchor Co(OH)2
[59] or Si[60] to produce nanoporous 

composites with superior supercapacitor performance. A magnetic porous film can 

also host second phases that could provide electrical insulation, biocompatible 

surfaces, hydrophilic/hydrophobic properties or even enhanced magnetic 

performance.  

In general, the synthesis of porous nanocomposite films is accomplished by chemical 

or electro-chemical reactions that occur at surface level. Nanocasting procedures 

using suitable precursors allow the filling of parent templates with oxide second 

phase materials of interest[61].  Nanoporous ceramic or polymeric templates (e.g., 

alumina or polycarbonate) can be filled with certain metals and alloys by 

electrodeposition[62]. Contrary to these examples, the complete or partial filling or 

coating of metallic porous templates with oxide materials is more challenging. The 

preparation procedures usually involve some heating steps, which can easily 

deteriorate the properties of the porous metallic framework, from both 

morphological (collapse of the pore structure) and compositional (oxidation) points 

of view. This is certainly deleterious for the subsequent implementation of these 

materials into real devices. Thus, the choice of an appropriate technique to grow this 

type of composites is of paramount importance. Very recently, we have 

demonstrated that porous CuNi supported ZnO hybrid films can be successfully 

prepared at relatively low temperature by combining electrodeposition with sol-gel 

drop casting in which (i) the matrix or host and the coating can be chosen 
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independently, and (ii) the ferromagnetic properties of CuNi are preserved[63]. 

However, sol-gel deposition methods and some physical vapor deposition 

techniques are not so convenient to obtain a fully-continuous conformal coating of 

the parent template. Actually, atomic layer deposition (ALD) is the most suitable 

deposition technique to conformally coat materials exhibiting gaps, cavities, pores, 

trenches, out-of-sight surface and high-aspect ratio structures. This technique is 

based on alternate surface-limited reactions from the gaseous reactant to produce 

thin films and overlayers with nanoscale control, independently of the substrate’s 

geometric complexity[64,65]. Therefore, it is a powerful technique that allows precise 

control over the composition and physical properties of nanoscaled materials and 

novel nanostructures[66]. To date, ALD of magnetic nanotubes and nanowires inside 

anodized alumina templates has been reported[67,68]. Interestingly, Al2O3 ALD films 

were successfully grown on a variety of magnetic substrates, including Co, Ni, NiFe 

and NiMn[69]. The aforementioned studies have proved the potential of ALD to 

deposit a wide variety of materials into narrow and high-aspect ratio pores.  

In this work, we propose the combination of electrodeposition and ALD to obtain 

Ni/Al2O3, and Ni/Co2FeO4 magnetic nanocomposite porous films. 3D porous Ni films 

are prepared by one-step hydrogen bubble assisted galvanostatic 

electrodeposition[70-72], while ALD is used to conformally coat the pores of the Ni 

scaffold with Al2O3 and Co2FeO4 nanolayers. Recent developments in the use of 

hydrogen bubble-templated method have led to the production of several magnetic 

porous films including Ni[59,60], CuNi[73,74] or phase-separated Cu-Ni[52]. These films 

typically show macropores and, depending on the synthetic conditions, nanoporous 

dendritic walls, hence exhibiting a hierarchical porosity. Both macro- and nanopores 

could in principle host materials grown by ALD. In this study, Al2O3 and Co ferrite 

were chosen to coat the Ni skeleton. Al2O3 has a high dielectric constant (of about 7-

10[75]); meanwhile, Co2FeO4 is ferrimagnetic. For the latter, conformal coating could 

result in strong magnetic exchange coupling between the ferromagnetic metallic 

porous matrix and the guest metal oxide component. Remarkably, the porous 

structure of the Ni matrices is maintained after the ALD process, which 

demonstrates that ALD permits the deposition of different types of oxide 
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nanocoatings at relatively low, non-damaging temperatures. Structural and 

magnetic characterization reveals that Ni is not severely oxidized during the process. 

In addition, the resulting nanocomposite may become either more hydrophilic or 

hydrophobic than the parent Ni film, depending on the applied nanocoating. The 

proposed synthetic protocol could be readily extended to fabricate other 3D porous 

metal supported composite nanostructures for a variety of technological 

applications.  

 

4.2.2 Experimental section  

4.2.2.1 Preparation of the 3D porous Ni film 

All solvents and chemicals were of analytical grade and used without further 

purification. Deposition of 3D porous Ni film was carried out in a double-jacketed 

single-compartment cell with an electrolyte containing 2 M NH4Cl and 0.1 M NiCl2 at 

a pH value of 3.5. The working electrode (WE) was Si/Ti(25 nm)/Au(125 nm) with an 

active area of 0.25 cm2 (Ti and Au were grown by evaporation). A platinum wire 

served as the counter electrode and a dual-junction AgAgCl 3M KCl (E = + 0.210 V 

versus standard hydrogen electrode) was used as the reference electrode. The 

electrolyte was bubbled with nitrogen to deaerate the solution before 

electrodeposition. Electrodeposition was performed galvanostatically at j = -1 A cm-2 

for 150 s with a gentle stirring speed of 300 rpm at room temperature. The resulting 

porous Ni films were washed with Milli-Q water and dried in air.  

4.2.2.2 Fabrication of Ni supported Al2O3/Co2FeO4 composite films 

ALD nanolayers onto the previously grown porous Ni films were prepared in a 

Cambridge Nanotech Savannah 100 reactor in exposure mode. Al2O3 coating was 

produced by alternate pulsing of trimethylaluminum (TMA) and ozone (O3) at a 

deposition temperature of 70-200℃. For Co2FeO4 films, deposition was performed 

by alternate pulsing of cobaltocene (Co(Cp)2), ferrocene (Fe(Cp)2) and O3 at 250℃[76]. 

Pulse and purge times were optimized for each material, as described in Table 4.1.  
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4.2.2.3 Characterization of the structure and physical properties 

Scanning electron microscopy (SEM) images and energy-dispersive X-ray 

spectroscopy (EDX) analyses were acquired using a Zeiss Merlin microscope 

operated at 3 kV and 15 kV, respectively. Transmission electron microscopy (TEM) 

and STEM-EDX analyses were performed on a Tecnai F20 HRTEM /STEM microscope 

operated at 200 kV. Cross sectional specimens were prepared by embedding the 

composites in EPONTM epoxy resin. Subsequently, a very thin slide was cut using a 

microtome apparatus and placed onto a carbon-coated Cu TEM grid. X-ray 

diffraction (XRD) patterns of the different samples were recorded on a Philips X’Pert 

diffractometer with a pixel1D detector in the 25-58° 2 range (step size = 0.026°, 

total time = 1200 s) using Cu K radiation (= 0.154178 nm). Hysteresis loops were 

recorded at room temperature using a vibrating sample magnetometer (VSM) from 

Micro Sense, with a maximum applied magnetic field of 0.4 Tesla. Wettability 

properties of both uncoated and ALD-coated Ni samples were measured on a 

surface analyzer (Smartdrop, Femtofab) (sessile drop technique) at room 

temperature. 7 μL droplets of 5 wt% NaCl aqueous solution were deposited 

dropwise on the materials’ surface using a microdispenser and the contact angle 

was determined.  

 

4.2.3. Results and discussion 

 

Figure 4.12: Schematic picture illustrating the fabrication of 3D porous Ni supported 

Al2O3/ Co2FeO4 nanolayers. CFO denotes Co2FeO4. 

Figure 4.12 schematically shows the preparation process followed to obtain the 

porous composite films. First, a hierarchically porous Ni film is electrodeposited onto 
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the Au surface at a sufficiently negative current density. Ni possesses a high 

overpotential toward hydrogen evolution during electrodeposition in acidic media[77]. 

The generated hydrogen bubbles are absorbed onto the WE and then are liberated 

from the freshly grown Ni deposit to the electrolyte-air interface, acting as a 

dynamic template during the deposition. Hence, metal electrodeposition occurs 

between the hydrogen bubbles, yielding a film with a 3D porous architecture. The 

porous Ni film acts as a backbone to deposit Al2O3 and Co2FeO4 by ALD. 

 

Figure 4.13: SEM images of the 3D porous Ni film: a) on-top general view of the 

material (inset shows a detail of a macropore); b) on-top zoomed detail of the pore 

wall; c) cross-sectional view of the Ni film. 

Shown in Figure 4.13 are some representative SEM images of the as-deposited 3D 

porous Ni film. At low magnification (Figure 4.13a), pores with an on-top circular 

shape are seen all over the surface, whose sizes range from 5 m to 15 m. Higher 

magnification observations (Figure 4.13b) reveal that the pore walls consist of 

numerous tiny, interwoven, little protruding dendrites. The cross-sectional view of 

the deposits (Figure 4.13c) confirms the ramified nature of the pore walls. The 

deposited Ni thickness is approximately of 40 m. Interestingly, the macropores 

extend from the outermost surface almost down to the substrate, having a depth of 

~30 m. This demonstrates the rather high aspect-ratio of the pores.  

To obtain a smooth coating that perfectly replicates the template surface it is 

important to identify the deposition conditions to be within the ALD window. This 

window is a temperature region where the growth rate is constant and assures a 

tight control of the process and high reproducibility. Working outside this window 

means that undesired processes can occur, including decomposition or desorption 

of the precursor (temperature too high), precursor condensation or insufficient 
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reactivity (temperature too low). As a result, the growth rate is modified and the 

level of impurities in the film can increase. For Al2O3, which is the most widely 

studied material in ALD because it has a behavior close to ideal (i.e., the ALD window 

is well established), the following reaction mechanism has been proposed[78]; 1) 

diffusion of the aluminum precursor (Al(CH3)3) into the near surface region of the 

host material, (2) reaction and saturation of the substrate surface with Al-CH3 

species and purge to eliminate reaction products and excess of the precursor (3) 

diffusion of the oxygen precursor into the Al-CH3 surface, (4) reaction and saturation 

of the surface with Al-OH species followed by a purge to eliminate the reaction 

products. This is defined as the first ALD cycle and it is repeated as many times as 

required to obtain the desired thickness. This process allows the formation of a 

dense Al2O3 film that grows on top of the host material. According to the literature, 

the growth of a continuous thin layer of Al2O3 by ALD is possible at a temperature as 

low as 33℃[79] but the reaction kinetics is slow in this case (since the reaction is 

thermally activated) and hence higher temperatures are sometimes required34. The 

completion of the reaction, i.e. full coalescence of the Al2O3 clusters, needs longer 

time at lower temperatures.  

 

Sample A1 A2 A3 CFO/Ni 

T 70℃ 200℃ 200℃ 250℃ 

O source H2O O3 O3 O3 

Precursor TMA TMA TMA 
Co(Cp)2, 
Fe(Cp)2 

ALD mode 
Pulse 0.3 s 

Exposure time 
30 s 

Pulse 0.3 s 
Exposure time 

30 s 

Pulse 0.7 s 
Exposure time 

90 s 

Fe: pulse 2s 
expos 30 s 

Co: pulse 1s 
expos 30 s 

Table 4.1: ALD parameters used in this work. A1, A2 and A3 refer to Al2O3 coatings 

applied to Ni at the indicated experimental conditions. CFO/Ni stands for Co2FeO4 

coating onto Ni. 
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It should be noted that, due to the precursor chemistry, such an ideal behavior is in 

many materials not easy to achieve. Here, as detailed in Table 4.1, several 

experiments have been performed varying the deposition temperature, oxygen 

source, precursor pulse and exposure time, to identify the optimal ALD conditions 

for both Al2O3 and Co2FeO4. 

SEM images and the corresponding EDX mappings for A1, A2 and A3 composites are 

shown in Figure 4.14. Figure 4.14a reveals that the surface of A1 composite is rather 

rough, featuring small clusters instead of a continuous shell. Nevertheless, Al, O and 

Ni elements were homogeneously distributed in the corresponding EDX mapping 

image (Figure 4.14b) (note that shadowing effects during EDX analysis preclude 

detection of elements inside the pores). Thus, from the morphology observed in 

Figure 3a it is suggested that these deposition conditions are not optimal. It is likely 

that the reaction temperature is too low (precursor condensation-insufficient 

reactivity). 

When the temperature is increased to 200℃ and, simultaneously, water is replaced 

by ozone (more reactive oxygen source), the Ni surface becomes smoother. An Al2O3 

layer coating the Ni grains is apparently visible from Figure 4.14c and 4.14e. 

Remarkably, the porosity of the Ni matrix is preserved after the Al2O3 deposition, 

indicating that the oxide nanolayer is extremely conformal to the Ni skeleton. EDX 

elemental distribution images of A2 and A3 composites (Figure 4.14d, f) show that Al 

and O are distributed in a parallel way, which indicate that the relative Al2O3 

coverage is completely uniform for reactant exposure times of 30 s. This finding is 

similar to that reported by George et al.[66] who also demonstrated that a reactant 

exposure of 30 s was sufficient to obtain a nearly conformal coating in high aspect-

ratio structures. 
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Figure 4.14: On-top SEM images of a) A1, c) A2 and e) A3 nanocomposites. EDX 

mapping distribution of Al, O, and Ni elements in b) A1, d) A2 and f) A3 composites, 

obtained from the zoomed SEM images shown on the left. 

To further assess the conformal coating of Ni with Al2O3, sample A3 was embedded 

in resin and sliced in order to gain insight into Ni/Al2O3 interface. Sample 

preparation was very challenging since the material was prone to break into several 

pieces during the slicing owing to their 3D porous structure. Nevertheless, 

reasonably large isolated fragments of the material could be found by TEM, as 

shown in Figure 4.15a. These fragments, featuring a dark contrast, are surrounded 

by a brighter-contrast shell, as indicated with the solid orange line in Figure 4.15a. 
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Figure 4.15: a) TEM image of A3 nanocomposite slice; b) line-scan STEM-EDX 

analysis across the interface between Ni and Al2O3, as indicated by the red arrow in 

the insert STEM image; c) HRTEM image of the area enclosed with the red dotted 

square in a); d) EDX elemental distribution of O, Al and Ni in the interfacial area 

enclosed within the red rectangle. 

STEM-EDX line scan analysis was performed in order to determine the composition 

profile across the interface (Figure 4.15b). An EDX line scan was done along the red 

arrow depicted in the inset STEM image of Figure 4.15b, which embraces a 

translucent thin layer and a denser bright region. As the electron beam is scanned 

towards the Ni matrix, Al and O signals first appear at 35 nm from the initial 

scanning point and vanish at approximately 100 nm. Conversely, the Ni signal 

monotonically increases from around 60 nm, which indicates that the Al2O3 coating 

has a thickness of about 25 nm. Remarkably, there is no abrupt switching from Al 

and O signals to Ni signal but, instead, they coexist within a few nanometers interval. 
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This suggests the formation of a mixed Al/Ni oxide at the interface. This was further 

proved by STEM-EDX elemental distribution mapping (Figure 4.15d), i.e., Ni-oxide or 

some mixed (Al,Ni)xOy phases may exist at the interface region. Hence, the structure 

of the interface can be defined as Al2O3/(Al,Ni)xOy/Ni. Figure 4.15c actually 

corresponds to the HRTEM of the region enclosed in the small red box in Figure 

4.15a. It is likely that the as-deposited Al2O3 layer is amorphous since lattice fringes 

were not detected. The amorphous nature of Al2O3 was further confirmed by -2 

scan X-ray diffraction (XRD) (Figure 4.16). For comparison, the XRD data of uncoated 

Ni is shown. Besides a peak coming from the Au surface, the diffraction peaks 

corresponding to Ni (111) and Ni (200) reflections of face-centered cubic (fcc) 

structure remain virtually unchanged after ALD coating of Ni scaffold with Al2O3. 

Hence, the 3D porous Ni withstands the ALD process both morphologically and 

crystallographically to a great extent. The typical peaks of crystalline Al2O3 in the 

range 25-55 are not observed in the XRD pattern. Instead, two peaks at 33 and 

37 were detected, which can be attributed to a NixOy phase. This result further 

confirms the hypothesis that the Ni outermost surface was slightly oxidized during  

ALD (i. e., the interface can be described as Al2O3/(Al, Ni)xOy/Ni). Based on these 

findings, 3D porous Ni supported cobalt ferrite composite films (Co2FeO4) were 

prepared using a similar protocol (Table 4.1). Metallocences are ideal precursors for 

ALD owing to their thermo stability, high volatility and reactivity toward oxidation to 

a certain degree[81]. 
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Figure 4.16: XRD patterns of porous uncoated Ni, and A2 and A3 composite samples. 



                                   Chapter 4: Futher insights into nanowires and porous films 

237 
 

 

Figure 4.17: a) Oblique-sectional (insert, magnified) view of 3D porous Ni-supported 

cobalt ferrite; b) magnified SEM image; c) corresponding Co, Fe, O and Ni EDX 

mappings. 

Figure 4.17 depicts typical SEM images of the as-prepared 3D porous Ni-supported 

cobalt ferrite. As for Al2O3 coating, the porous morphology provided by the Ni matrix 

remains unchanged (Figure 4.17a,b) and Co, Fe and O elements are evenly 

distributed (Figure 4.17c). A Ni/Co2FeO4 specimen for cross sectional view was also 
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prepared to assess the quality of the oxide nanocoating. As displayed in the TEM 

image (Figure 4.18a), the sliced porous film shows a nanosheet morphology, being 

the interface between the metal and the oxide layer less defined compared to Al2O3 

case. For this reason, a more detailed characterization was carried out near the 

edge. When the electron beam was spotted onto the red dot “b” in Figure 6a, Ni, Fe, 

Co and O signals appeared in the EDX spetrum (Figure 4.18b).The relative proportion 

between Co, Fe and O yielded a composition close to Co2FeO4, as expected. When 

the electron beam was swept from the body to the edge (red arrow in Figure 4.18a), 

the Ni signal gradually decreases down to negligible levels (Figure 4.18d). 

Meanwhile, Co, Fe and O signals simultaneously increase at the particle edge until a 

maxinum value, leading to a Co/Fe/O atomic ratio of 2:1:4. The atomic ratio of Co in 

the coating is larger than that of Fe, owing to the selected deposition conditions and 

the classic reactivity trend Co(II, d7)>Fe(II, d6), known for metallocenes[82]. The 

interface from pure Ni to Co2FeO4 is not well defined (as it was also the case for 

Ni/Al2O3), but rather a transition layer is formed which embraces the four elements. 

The thickness of this transition layer is around 5 nm.  
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Figure 4.18: a) TEM image of the cross sectional view of Ni/Co2FeO4 sample; b) EDX 

spectrum corresponding to the red dot “b” in a); c) HRTEM image of the area 

enclosed with the red square labeled as “c” in panel a); d) line-scan STEM-EDX 

analysis across the edge depicted with the red arrow “d” in panel a). 

Figure 4.18c shows a HRTEM image of the area enclosed in the red box in Figure 

4.18a. The porous Ni template is slightly brighter than the Co2FeO4 nanocoating, 

which is about 5 nm thick. Both Ni and Co2FeO4 are polycrystalline with clear lattic 

fringes. The interplanar distance of d = 0.202 nm can be assigned to the (111) fcc 

phase of Ni, whereas d = 0.246 nm matches the (311) fcc of Co2FeO4. The formation 

of crystalline cobalt ferrite is also confirmed by the XRD pattern shown in Figure 

4.19. Namely, the small peak at 36.02 after ALD can be ascribed to the (311) 

reflection of Co2FeO4.  
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Figure 4.19: XRD patterns of porous uncoated Ni and Ni-supported CFO. 

 

 

Figure 4.20: Room temperature hysteresis loops of uncoated Ni, Ni/Al2O3 and 

Ni/Co2FeO4 composite porous films.  
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Room-temperature magnetic hysteresis loops of the uncoated Ni, Ni/Al2O3 and 

Ni/Co2FeO4 porous films are shown in Figure 4.20. The saturation magnetization (Ms) 

for the Ni/Al2O3 nanocomposite films (159.1 emu cm-3) is slightly lower than for pure 

Ni (162.02 emu cm-3). This can be ascribed to the presence of a small amount of NiO 

(in agreement with the results from XRD and STEM-EDX), which is antiferromagnetic 

and hence exhibits virtually zero net magnetization. Note that the porosity degree is 

not taken into account in the magnetization (M) normalization; that is, the volume is 

calculated from the real “geometrical” thickness. When comparing the experimental 

and tabulated Ms value for pure Ni (491 emu cm-3), it comes out that the porosity 

degree of the Ni layer is approximately 67 vol%. Although NiO is antiferromagnetic, 

no exchange bias effects (e.g., loop shift[83] or enhanced coercivity[84]) are observed, 

mainly because the relative amount of NiO is very low compared to that of Ni and 

exchange bias effects are known to be inversely proportional to the thickness of the 

ferromagnetic counterpart[83]. Similarly, because of the relatively low volume 

fraction of Co2FeO4, its contribution to the overall hysteresis loop of the Ni/Co2FeO4 

film is also very small.  

The hysteresis loops also reveal that the Hc values of the composite films (around 73 

Oe) are smaller compared to Hc of uncoated Ni (118 Oe). This decrease of coercivity 

is probably related to thermally-induced microstructural changes that occur in 

metallic Ni during the ALD process. Actually, Figure 4.16 and 4.19 reveal that the 

width of the XRD peaks of Ni becomes narrower after ALD (particularly for 

Ni/Co2FeO4), which indicates that the crystallite size of Ni increases. The average 

crystallite size for Ni, estimated from XRD Rietveld refinements, increases from 

approximately 35 nm (for uncoated Ni) to 45 nm in the case of Ni/Al2O3 and 60 nm 

for Ni/ Co2FeO4 composites. In general, grain boundaries hinder and pin the 

propagation of magnetic domain walls. Hence, Hc, in polycrystalline magnetic alloys, 

is inversely proportional to the grain size[85]. Also the release of microstrains 

associated with the ALD thermal treatments also contributes to reduce the 

coercivity. 

The wettability of Ni, Ni/Al2O3 and Ni/Co2FeO4 films was characterized by the sessile 

drop technique, using 7 L of 5 wt% NaCl droplets. Figure 4.21 shows the shape of 
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NaCl droplets deposited onto the three different surfaces. The contact angle attains 

the highest value at the surface of uncoated Ni (138.8) (Figure 8a). The contact 

angle values decrease to 119.2 and 102 for Ni/Al2O3 and Ni/Co2FeO4, respectively. 

Variations in surface roughness could account for the observed differences among 

the three samples. However, surface roughness is similar since both Al2O3 and 

Co2FeO4 coatings are really thin and conformal. In fact, variations of the contact 

angle in solids not only depend on surface roughness, but are also related to the 

surface energy of the investigated materials[86]. Metal oxides have lower surface 

energy than pure metals since the latter tend to react with the atoms (molecules) 

from the surrounding in an attempt to form a passive layer (e.g., metal oxide) with 

lower energy level. In general, most molecular liquids form lower contact angles on 

materials with a higher surface energy. However, this is opposite to what is 

observed here. Nonetheless, the wettability of a surface is also determined by the 

outermost chemical groups at the solid. Metal oxide surfaces are often fully or partly 

covered with OH groups which are usually formed by the interaction of water with 

the metal ions at the surface[87]. The surface-anchored hydroxyl groups participate in 

hydrogen bonding with the static aqueous droplets, thus increasing the wettability 

of the material.  

 

Figure 4.21: Optical photographs of an aqueous sodium chloride droplet (7 m) onto 

the surface of (a) Ni, (b) Ni/Al2O3 and (c) Ni/Co2FeO4 porous films. 

This combination of metals and oxides in a single 3D porous structure could be 

appealing as building blocks in MEMS/NEMS. In biological systems, relatively 

hydrophilic coatings allow the formation of tightly adherent layers of aqueous 

biological fluids with high lubricity to the material. Our results reveal that 3D porous 

Ni structures coated with metal oxide nanolayers are slightly more hydrophilic than 
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the parent Ni template. Moreover, in biological applications, these oxide coatings 

would prevent from Ni ion leaching, which is a concern since Ni can pose cytotoxicity 

problems. In electronic devices, the use of Al2O3 would possibly reduce the tendency 

toward electrical shorting[75] since Al2O3 has a high dielectric constant (in the range 

of 7-10) and an electrical resistance of about 1015 Ω·cm. Likewise, Ni/Co2FeO4 is a 

material with potential applications in spintronics and as spring-magnet layered 

composites. Moreover, gas sensor based on cobalt ferrite showed high response, 

good selectivity to low concentration of ethanol[88], especially, it could detect 10 

ppm ethanol. Yet the investigation on gas-sensing properties of cobalt ferrite is 

really limited, and further experimental proof is nevertheless still necessary.This 

indicates that the here-presented synthetic strategy of combining electrodeposition 

and ALD is very convenient to produce magnetic nanocomposite porous films with 

potential applications in a wide range of technological fields. 

 

4.2.4 Conclusions 

The possibility to combine electrodeposition with ALD to prepare 3D porous 

magnetic metals conformally coated with metal oxide nanolayers, namely Ni/Al2O3 

and Ni/Co2FeO4, is demonstrated. Due to the nature of the presented approach the 

host (metal) and guest (metal oxide) materials can be chosen with certain degree of 

freedom. We demonstrate that both the hierarchical porosity and magnetic 

properties of the parent metallic Ni template are maintained after ALD step. 

Moreover, the presence of a nanometer-thick layer of Al2O3 or Co2FeO4 covering the 

Ni scaffold improves its hydrophilicity. The procedure could be extended to prepare 

other magnetic compositions obtained using the same protocol. Owing to the 

synergies emerged between the host and the guest components, these 

nanocomposite magnetic porous films are promising candidates for widespread 

technology areas, such as biological applications, magnetic sensors or magnetic 

micro/nano-electromechanical systems (MEMS/NEMS), amongst others. 
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Figure 4.22: Table of contents graphic  
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4.3 Nanomechanical behaviour of open-cell nanoporous metals: 

homogeneous versus thickness-dependent porosity  

Two different nanoporous materials, porous copper prepared by dealloying and 

porous nickel prepared by electrodeposition, have been studied by means of 

nanoindentation experiments at different maximum applied loads. While 

nanoporous Cu is homogeneous along its cross-section, the electrodeposited Ni 

films show a graded porosity, with smaller pores and thicker pore walls close to the 

film’s surface. The mechanical properties of the two materials have been extracted 

using a methodology based on scaling laws and subsequent interpretation has been 

performed using finite element simulations. Two different deformation mechanisms 

are observed for nanoporous Cu and nanoporous Ni, respectively. Dealloyed porous 

copper behaves as an homogeneous material without evident effect of densification 

and with mechanical properties that are independent of the applied load. Given this 

homogeneity, it is possible to fit the entire loading -unloading curve for different 

maximum applied loads with a single set of mechanical properties. Conversely, 

electrodeposited porous nickel shows a decrease in the reduced Young’s modulus, 

an increase in yield stress and a constant hardness when the maximum applied load 

during nanoindentation is increased. While the decrease in the reduced Young’s 

modulus can be explained in the context of thickness inhomogeneity of the 

electrodeposited porous nickel (i.e., increase of porosity with depth), this cannot 

explain, and actually would go against, the observed increase in the yield stress, 

which is instead associated to the decrease in the ligament size.  

Keywords: Dealloying; Electrodeposition; Finite element analysis (FEA) Mechancial 

properties; Nanoindentation; Porous materials; Size effects  

 

4.3.1 Introduction  

Owing to their extraordinarily high surface area, nanoporous materials have become 

ideal candidates for a widespread range of technological applications, both in 

chemistry[89,90], as well as in magnetic devices[91]. From a structural point of view, 
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porous materials are being used for impact-energy absorption and in lightweight 

construction, as well as in various types of thermal insulation and acoustic 

damping[92].  

Several strategies are currently being pursued for the preparation of nanoporous 

films. These include dealloying or electrodeposition[93,94] among others. 

Electrodeposition (either using hard templates -e.g. anodic aluminum oxide -or soft 

templates -e.g. block copolymers -in the electrolytic bath) and de-alloying are 

particularly suited for the preparation of metallic porous alloys (sometimes referred 

to as metallic foams). Selective de-alloying techniques typically produce materials 

with an open sponge-like structure of interconnecting ligaments and pore sizes of a 

few nm. During de-alloying, the least noble component in a solid solution is leached 

from the alloy, while the noblest elements undergo surface diffusion and 

agglomeration, forming the sponge-like metallic structure[93].  

Irrespectively of the application, the mechanical properties of porous materials are 

of uppermost importance to ensure robustness and endurance of any device in 

which they are integrated. In fact, despite their extended utilization in industry, 

porous materials suffer from the drawback of being usually rather brittle. Therefore, 

the study of their mechanical properties by uniaxial tension, macroscopic 

compression or torsion experiments is often not possible. For this reason, 

nanoindentation has become one of the most appropriate methods to measure the 

mechanical properties of these materials since this technique keeps the induced 

deformation constrained into very local length scales. However, proper 

interpretation of the mechanical properties of porous materials using 

nanoindentation remains still rather challenging. First, a densified zone can form 

underneath the indenter during indentation, thus precluding a clear-cut assessment 

of the properties of the initially non-deformed material. Secondly, most of the 

models existing in the literature to correlate mechanical properties (i.e., hardness 

and Young’s modulus) with the porosity degree are only applicable to some 

particular arrangements of porous networks (e.g., honeycomb-like geometries or 

close-cell pore structures)[95,96]. Remarkably, while the porosity degree is often taken 

into account in these models, the important role played by the pore size itself on the 
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resulting mechanical performance is often overlooked. Furthermore, most 

mechanical studies so far have only focussed on fully homogeneous porous films or 

foams. The mechanical response of heterogeneous (i.e., thickness-dependent 

porosity) nanoporous alloys has essentially not been investigated.  

In this work, the mechanical response during nanoindentation of homogenous 

nanoporous Cu films, prepared by dealloying, and that of heterogeneous 

nanoporous Ni (i.e., with graded porosity across thickness) directly grown by 

electrodeposition from a block polymer-containing solution, are compared. 

Interpretation of the experimental results is supported with finite element 

simulations. While the properties of homogeneous nanoporous Cu are found to be 

rather independent of the applied indentation load, the Young’s modulus of 

porosity-graded nanoporous Ni decreases for higher loads, while the opposite trend 

is observed in the corresponding values of yield stress. Such results are ascribed to 

the structural evolution of nanoporous Ni with depth, i.e., to the interplay between 

the increase of the average pore size (and porosity degree) and the decrease of the 

ligament size as the distance from the film’s surface increases.  

 

4.3.2 Materials and Methods  

4.3.2.1 Copper-Zinc dealloying  

Cu20Zn80 2 mm-thick sheets were purchased from Goodfellow. Nanoporous copper 

(Cu) samples were obtained by dealloying these sheets in 85 wt% H3PO4 for 4 days 

following the methodology described by Chung Cheng and coworkers[97]. Scanning 

Electron Microscopy (SEM) equipped with Energy-dispersive X-ray (EDX) was used to 

prove the Zn depletion. The morphology of the obtained nanoporous layer was 

observed by SEM. Further verification of Zn depletion was carried out by X-ray 

diffraction (XRD).  
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Figure 4.23: a) SEM image of the nanoporous Cu film (prepared by dealloying), 

observed along its cross section (notice the pore homogeneity across film thickness), 

b) XRD patterns corresponding to the as-cast Cu20Zn80 ribbon and the nanoporous Cu 

obtained by dealloying of the ribbon, c) EDX analyses of the as-received and 

dealloyed Cu20Zn80 ribbon.  
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Prior to indentation and SEM imaging, the sample was hot embedded in a 

conductive resin and polished with diamond suspension to mirror like appearance. 

Figure 4.23a corresponds to a cross-section SEM image of the dealloyed copper 

where a homogeneous microstructure across its depth can be observed. Figure 

4.23b and c show the XRD patterns and EDX spectra of this sample before and after 

dealloying, respectively. While no Zn is detected by EDX (Figure 4.23c), low-intensity 

diffraction peaks from the intermetallic Cu5Zn8 phase are observed by XRD (Figure 

4.23b). This apparent contradiction is due to the different penetration depths of X-

rays and electrons in the two techniques. Namely, a small quantity of Zn seems to be 

still present in the sample but it is located well inside the central part of the ribbons. 

The mechanical properties are determined at the surface of the ribbons, which 

consists only of nanoporous Cu. In a first approximation, we thus neglected the 

minor amount of Zn in the analyses. Total thickness of the dealloyed porous Cu film 

was 50 ± 0.5 µm. AFM scans on the surface of the samples provided a roughness 

value of Ra = 10.5 nm.  

4.3.2.2 Nickel electrodeposition  

Nanoporous nickel (Ni) film was obtained by potentiostatic electrodeposition in a 

single compartment double-jacketed three-electrode cell. Si|Ti (25 nm)|Au (125 nm) 

substrate was used as cathode with working area of 0.25 cm2 
exposed to the 

electrolyte. A platinum spiral served as counter electrode, which was positioned 

vertically facing the working electrode. A double junction Ag|AgCl 3M KCl electrode 

(E = + 0.210 V versus standard hydrogen electrode) was utilized as reference 

electrode. Electrodeposition was conducted using a PGSTAT302N Autolab 

potentiostat/galvanostat (Ecochemie). Electrolyte was prepared by mixing the 

pluronic P123 amphiphilic block copolymer surfactant and aqueous solution of 0.4 M 

NiSO4, 0.5 M NaSO4, 0.2 M boric acid and 0.5 g/L saccharine. To prepare the mixture, 

4 g of P123 was heated to 60℃ in a beaker prior to the addition of the aqueous 

phase and mixed manually for 5-10 min at constant heat. Then certain amount of 

ethanol was added to the mixture to assure a ratio of 0.2 g P123 per mL of ethanol. 

The resulting solution was subjected to vigorous magnetic stirring until it showed a 

turbid milky appearance. The nanoporous Ni was obtained at room temperature by 
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applying a constant potential of -1.8 V for 1200 s.  

 

 

Figure 4.24: a) Schematic diagram showing the layer-by-layer growth of the 

electrodeposited nanoporous Ni film, where the pore size decreases and the 

ligament size increases as we move away from the substrate, b) top-view and cross 

sectional view (inset) SEM images of the nanoporous Ni, corroborating the layer-by-

layer growth, inset: the thickness of the coating is 7 μm ± 0.5 μm. c), d) and e) 

correspond to zoomed SEM images of layer I, layer II and layer III in image b), 

respectively, (f) EDX spectrum of this sample, (g) XRD patctern of this sample. All the 

SEM images were collected in backscattered electrons mode.  
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The concentration of surfactant was set at 8 wt% which is above the critical micelle 

concentration of P123. The hydrophilic Au substrate serves as aggregation site for 

P123, as the surfactant gathers spontaneously at the solid-liquid interface. The 

surfactant micelle directs the Ni2+ ions towards the substrate and acts as structure-

directing agent. As depicted in Figure 4.24a, the growth of Ni follows a quasi-perfect 

layer-by-layer process, in which the pore size de-creases gradually along the vertical 

direction. This layer-by-layer growth fashion is evident from the corresponding SEM 

picture, see Figure 4.24b. Layer III, which corresponds to the first stages of 

electrodeposition, exhibits the largest pore size. As deposition proceeds, a second Ni 

layer is formed on top of the first porous Ni. This second layer (II) features smaller 

pore size. Consequently, the uttermost layer (layer I) has the smallest pore size 

(around 10-20 nm). Contrary to the average pore size, the width of the pore walls 

(i.e., lateral size of the ligament) progressively increases with film thickness, from 20 

± 10 nm (layer III) to 70 ± 10 nm (layer I). Panels (c) to (d) in Figure 4.24 are HRSEM 

images from which the aforementioned evolution in the ligament size can be clearly 

observed. A representative EDX spectrum of the nanoporous Ni film is shown in 

Figure 4.24f. Only Ni, together with very low oxygen and carbon signal, are detected. 

This proves that the porous layers are almost entirely metallic. No P123 template 

remains in the porous matrix. Furthermore, the X-ray diffraction pattern in the 40-

60
 
2 range of the nanoporous Ni is also shown here (Figure 4.24g). Two diffraction 

peaks corresponding to Ni(111) and Ni(200) of face-centered cubic (fcc) structure 

are detected. Total thickness of the electrodeposited porous Ni films was 7.0 ± 0.5 

µm. AFM scans on the surface of the samples provided a roughness value of Ra = 1.8 

nm.  

4.3.2.3 Nanoindentation experiments, extraction of mechanical properties and 

finite element simulations  

Nanoindentation experiments were performed in load-control mode, using a UMIS 

instrument from Fischer-Cripps Laboratories equipped with a Berkovich pyramidal-

shaped diamond tip. The maximum applied load ranged from 2 to 25 mN. The 

thermal drift was always kept below 0.05 nm s-1. At least 10 indents were performed 

at each maximum applied load to verify the accuracy of the indentation data. The 
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same protocol was followed for both porous Cu and Ni. For the extraction of 

mechanical properties, the hardness and the reduced indentation modulus values 

were evaluated at the beginning of the unloading segment by means of the method 

of Oliver and Pharr[98]. In order to estimate the yield stress, σys, the methodology 

described in Alcalá and Casals group[99,100] has been used. It is well known that during 

sharp indentation of a homogenyeous material, the relation between the applied 

load and the displacement of the indenter can be expressed through[101]:  

     
                                                  [Eq. 4.1] 

 

being P the applied load, hs the indenter’s displacement and K a constant that 

depends on the indented material. The unloading stage can be fitted using[98]: 

             
                                                 [Eq. 4.2] 

where B and m are fitting parameters and hr is the remaining hs at P = 0. Additionally, 

the Sneddon’s relation states that:  

       
 

     

  

  
 
    

                                            [Eq. 4.3] 

being Eeff the effective indentation modulus, η is assumed to vary with the indenter’s 

shape[102,103] and it is equal to 0.793 for a Berkovich indenter[99], and Amax is the 

projected contact area between the material and the indenter at (hmax, Pmax). Eeff can 

be written as:  

       
 

  
  

     
 

  
 

  

                                          [Eq. 4.4] 

where νi and Ei are the Poisson’s coefficient and Young’s modulus of the indenter, 

respectively, and Er the reduced indentation modulus of the material under 

indentation. The slope at (hmax, Pmax) during unloading can be calculated through:  

   

  
 
    

  
    

        
  

    

                 
                         [Eq. 4.5] 

where he is the penetration depth at which the tangent curve at (hmax,Pmax) crosses 

the hs axis. Figure 4.25 shows a schematic of a loading – unloading indentation curve 
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including the expressions for the loading and unloading stages and the expression 

for the slope of the unloading stage.  

 

Figure 4.25: Schematic figure showing the loading and unloading stages during a 

sharp indentation test along with the expressions used to capture each stage. P is 

the applied load, hs is the penetration depth, hr is the remaining penetration depth 

after complete unloading and he is the penetration depth at P = 0 obtained from the 

slope (tangent) atthe upper part of the unloading stage. 

Once parameters B, m and hr in Eq. 4.2 are fitted, dP/dh evaluated at hmax can be 

obtained by differentiating Eq. 4.2 and he can be calculated through Eq. 4.5. 

Combining Eq. 4.1, Eq. 4.3 and Eq. 4.5 for (hmax, Pmax) one can write:  

                 
  

    
                                        [Eq. 4.6] 

being    = P/A the obtained hardness from nanoindentation experiments and A the 

projected contact area between the material and the indenter.  

Finally, once having the values for Eeff and   , one can use the expression[100]
:  
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                [Eq. 4.7] 

to obtain σ0.1, a characteristic stress corresponding to an uniaxial deformation of 0.1. 

Expressions for A1, A2, A3, A4 and A5 can be found in Table 7 for Eq. (A.1) in the work 

of Casals and Alcalá[100]. Relation between σ0.1 and σys can be written as:  

   
     

       

    
                                                [Eq. 4.8] 

where E is the indentation modulus and n is the strain hardening coefficient during 

an uniaxial test.  

With the extracted mechanical properties, we performed finite element (FE) 

simulations with the commercial ABAQUS finite element code under a full 

integration scheme. As the porous structure was not considered during simulations, 

the finite element mesh, constructed following a refining strategy, comprised two-

dimensional 43,359 four-node axisymmetric quadrilateral elements and the 

Berkovich indenter was modelled using an equivalent conical indenter with an 

azimuthal angle equal to 65.3 . Simulations were performed under frictionless 

contact conditions and large-strain formulations. A linear elastic-perfectly plastic 

relation was assumed in the simulations with the Von Mises flow theory of plasticity, 

allowing to correlate directly σ0.1 to σys, as the strain hardening coefficient n was 

taken to be equal to zero. Here, it is worth mentioning that the presented FE model 

was intended to demonstrate that a unique set of mechanical properties was 

enough to roughly capture the overall indentation response of homogeneous porous 

Cu films. However, this was not the case for porous Ni films, given their 

heterogeneity. As a result, mechanical properties were strongly dependent on the 

penetration depth. In case one could be interested on the evolution of the porous 

structure during indentation, the approach by Jauffrès et al.[104] could be followed, 

where the concepts of Repeating Unit Cell (RUC) and Representative Volume 

Element (RVE) were used to introduce the geometry of the pores inside the model. 

This was beyond the scope of the present work.  

 



                                   Chapter 4: Futher insights into nanowires and porous films 

255 
 

4.3.3 Results and discussion  

 

Figure 4.26: a) Applied load (P) – penetration depth (hs) curves obtained through 

Berkovichnanoindentation on dealloyed porous Cu. Different curves correspond to 

different maximum applied loads (Pmax). Discontinuous lines represent the P–hs 

curves obtained through FE simulations using an elastic – perfectly plastic model. b) 

Evolution of the reduced Young’s modulus (Er) with maximum penetration depth 

(hmax) at different maximum applied loads (Pmax) extracted as in reference [98]. c) 

Evolution of hardness (  ) with hmax for different Pmax. d) Evolution of the constrain 

factor (  /    ) with hmax for different Pmax.  

Figure 4.26 shows the nanoindentation curves at different maximum applied loads 

(Figure 4.26a) and the extracted mechanical properties (Figure 4.26b–d) for the 

dealloyed porous Cu. From Figure 4.26a it can be seen that the applied load (P) – 

penetration depth (hs) curves at different maximum applied loads Pmax are coherent 

with each other, i.e., the loading stages match rather well, except for Pmax = 15 mN. 

It is also worthy to mention that, given the film thickness 50 ± 0.5 µm and maximum 

penetration depth hs < 1 µm for P = 15 mN, no substrate effects are expected. Figure 
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4.26b,c show, respectively, the extracted values for the reduced indentation 

modulus (Er) and hardness   , according to Oliver and Pharr[98], as a function of the 

maximum penetration depth hmax for the different Pmax. Given the scattering, one 

can observe that the values for Er and    do not show a significant tendency to 

increase, as one could expect on the event of a densification process. Analogously, 

Figure 4.26d shows the evolution of the scaled hardness (  /    ) with hmax for 

different applied Pmax, being the value of   /     practically constant. For a 

homogeneous bulk metal one can expect that the constraint factor C =   /     = 

2.6[100]. However, by introducing porosity, this value will be necessarily reduced due 

to reduction of hydrostatic pressure [105,106]. Figure 4.26a also includes FE simulations 

capturing the experimental P–hs curves. Interestingly, a single set of mechanical 

properties was used for the simulations, namely Er = 13.0 GPa and σ0.1 = σys = 478.9 

MPa, supporting the idea that the present dealloyed porous Cu is homogeneous 

across the entire thickness. These values were obtained by averaging the extracted 

mechanical properties in Table 1 for Pmax from 2.5 to 15 mN. The resulting simulated 

P–hs curve was able to capture the experiments for the entire range of applied loads 

fairly well (here, just simulations for Pmax = 10 mN and 15 mN are included for 

representation purposes). Most likely, simulations were not able to perfectly 

capture the loading stages due to slight structural changes in the dealloyed porous 

Cu during indentation. Table 4.2 summarizes the extracted mechanical properties 

according to what has been explained in Section 4.3.2.3 and also the relative density 

of the porous Cu, ρ*/ρs, being ρ* and ρs the densities of the porous and bulk 

materials respectively, calculated using Eq. 5.9[107]: 

            
  

  
 

 

                                                     [Eq. 4.9] 

where Er is the reduced indentation modulus of the porous material. As the 

morphology of the dealloyed porous Cu approaches to an open-cell foam, the values 

C2 = 1 and n = 2 can be assumed[107,108] giving as a result ρ∗/ρs = 0.33 (taking Es = 120 

GPa as the reduced indentation modulus of bulk Cu). This relative density is not far 

from the value of 0.20 that one could expect from the starting material (Cu20Zn80), if 

Zn was fully removed during the dealloying. The slight discrepancy could be due to: 
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(i) small amounts of Zn still present in the dealloyed Cu (although not easily detected 

by EDX) or (ii) C2 and n not being exactly equal to 1 and 2, respectively. It is worth 

mentioning that to extract σ0.1, as explained in Section 4.3.2.3, the used 

methodology was first thought for bulk-homogeneous materials. However, it has 

been proven that the dealloyed porous Cu can be understood as a homogeneous 

material, therefore this methodology can apply. A proof of that is the excellent 

agreement between experiments and simulations (using a single set of parameters) 

and also between the experiments and simulations (using a signle set of parameters) 

and also between the values of indentation moduli obtained through the method of 

Oliver and Pharr[56] and the presented methodology, as it can be seen in Table 4.2.  

 

Figure 4.27: a) Applied load (P)–penetration depth (hs) curves obtained through 

Berkovich nanoindentation on electrodeposited porous Ni. Different curves are for 

different maximum applied loads (Pmax). Black lines represent the P–hs curves 

obtained through FE simulations using an elastic–perfectly plastic model. b) 

Evolution of the reduced Young’s modulus (Er) with maximum penetration depth 

(hmax) at different maximum applied loads (Pmax) extracted as in Oliver and Pharr[98]. 

c) Evolution of hardness (  ) with hmax for different Pmax. d) Evolution of the 

constraint factor (       ) with hmax for different Pmax, where         clearly 

decreases with hmax. 
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Pmax (mN) Er (GPa)    (GPa)(1)           

(MPa)(2) 

     (3) 

 Methodology(1) Experiments(2)    

2.5 13.1 11.6 0.95 450.7 0.33 

5.0 13.4 12.3 1.07 515.2 0.33 

10.0 14.2 12.6 1.04 487.0 0.34 

15.0 11.4 10.3 1.06 462.7 0.31 

Mean 

values 
13.0 11.7 1.04 478.9 0.33 

Table 4.2: Extracted mechanical properties for each maximum applied load (Pmax) for 

the dealloyed porous Cu.  Values for relative density are also included. 

(1) Mechanical properties extracted according to the method of Oliver and Pharr[98]. 

(2) Mechanical properties extracted according to the methodology described in Section 

4.3.2.3 and in references [89] and [93]. See text for details. 

(3) Relative densities calculated using Eq. 4.9 for an open-cell foam[107,108]. See text for details. 

In the same fashion as for Cu, Figure 4.27 shows the P – hs curves (Figure 4.27a) and 

extracted mechanical properties (Figure 4.27b-d) for different Pmax for 

electrodeposited Ni. As mentioned for the case of porous Cu indentation in Figure 

4.26a, indentation curves in Figure 4.27a are not affected by sustrate effects given 

the total thickness of the porous Ni film, 7 ± 0.5 µm, and the maximum penetration 

depth, hs < 0.5 µm for P = 25 mN. Contrary to what was observed in Figure 4.26a for 

Cu, here the loading stages for different Pmax do not overlap so much with each 

other, anticipating heterogeneity across the electrodeposited porous Ni sample. 

Furthermore, Figure 4.27b shows that Er decreases with hmax for different applied 

Pmax, being this coherent with what was shown in Figure 4.24a and b, i.e., a material 

whose porosity increases with depth. Hence, if porosity increases it is natural to 

obtain a reduction in Er, not considering, though, densification effects that, on the 

contrary, would increase Er. However, this explanation seems to fail in Figure 4.27c 

and d that show, respectively, the variation of    and   /    with hmax. From Figure 

4.27c one can see that hardness remains approximately constant for the whole 
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range of hmax. Instead, the constraint factor,   /    , decreases with hmax similar, to 

Er. Then, since   /     decreases while    remains constant with hmax, it is clear that 

the yield stress σys increases with Pmax. Here, as for the dealloyed Cu, one can 

consider that σ0.1 ∼ σys, as it corresponds to a linear elastic–perfectly plastic material 

with no strain hardening, being this idea supported by Schwaiger et al[109]. The 

decrease of Er and   /     with hmax is rather straightforward to understand taking 

into account that the present porous electrodeposited Ni shows an increased 

porosity with depth. As hmax increases, the material experiences less hydrostatic 

pressure, resulting in a progressively lower constraint factor. However, this does not 

explain the increase of σys with Pmax. Actually, compaction of the material would 

certainly induce an increase of σys but it would also increase Er. Nonetheless, the 

work by Hodge et al[100] provided an answer for this apparent contradiction. These 

authors studied the yield strength of nanoporous open-cell Au foams for different 

relative densities (ρ∗/ρs). Although ρ∗ was decreasing, indicating an increment of 

porosity, the yield strength increased, as in our study. The explanation for this 

phenomenon was that the ligaments’ size was reduced as ρ∗ became lower, leading 

to an effect analogous to the Hall-Petch relationship, where the characteristic length 

scale was, instead of the grain diameter, the ligament size:  

                     
  

  
 

   

                               [Eq. 4.10] 

where    is the yield strength of the porous metal, Cs is a fitting parameter, σo is the 

yield strength of the bulk material, k is the Hall-Petch type coefficient for the 

theoretical yield strength of the metal, L is the ligament size and ρ∗ and ρs the 

densities of the porous and bulk materials respectively. Eq. 4.10 is the result of 

combining a Hall-Petch type of relation:  

                                                           [Eq. 4.11] 

(being σyc the yield strength of a ligament with size L) with the Gibson and Ashby[107] 

scaling prediction for foams:  

          
  

  
 

   

                                            [Eq. 4.12] 
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with coefficient C2 = 0.3 according to Gibson and Ashby[107] and σs ≡ σo is the yield 

strength of the bulk material. For the present nanoporous Ni, given its morphology, 

it was possible to estimate the ligament size at the top surface of the 

electrodeposited film (i.e., L = 70 ± 10 nm) and the first layer (III), i.e., L = 20 ± 10 nm. 

Table 2 summarizes the extracted mechanical properties according to Section 

5.2.2.3 along with the different relative densities using Eq. 5.9 for open-cell porosity 

and Es = 200 GPa. Taking σys = σ∗ = 4.0 GPa, the bulk value for Ni σs = 21.8 MPa[111], 

and kNi = 7 GPa    [112] then, from Eq. 4.10 one can obtain Cs = 3.2 -4.0. Having the 

values of σys = σ∗ in Table 4.3 for different Pmax and the corresponding values of ρ∗

/ρs along with the fitting value Cs, now one can calculate the corresponding ligament 

sizes that would produce the different values of σys. These values are listed in Table 

4.3 and they are in ather good agreement with the HRSEM observations (Figure 

4.24c–e). As for the case of the porous dealloyed Cu, the extracted values for the 

indentation moduli with the method of Oliver and Pharr[98] and the present 

methodology are in excellent agreement. Also, this methodology was previously 

used in the framework of Cu single crystalline thin films on top of silica (Si) 

substrates (where the thin film/substrate interface acts as an inhomogeneity), with 

excellent results[113].  

As in Figure 4.26a for the dealloyed porous Cu, here we also performed FE 

simulations of the indentation experiments on electrodeposited porous Ni, Figure 

4.27a. Given the evolution on the mechanical properties shown in Figure 4.27b for 

the reduced indentation modulus and for the extracted yield stress in Table 4.3, in 

this case it was not possible to use a single set of parameters for the simulations, but 

different values of Er and σys were used for each Pmax, in accordance with Table 4.3.  
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Pmax 

(mN) 

Er (GPa)    (GPa)(1)      

     

(GPa)(2) 

     (3) L (nm)(4) 

 Methodology(1) Experiments(2)     

2.0 134.1 133.3 8.70 4.0 0.78 50.0 – 

60.0 

5.0 103.8 102.8 8.36 4.2 0.72 34.9 – 

42.9 

10.0 85.6 86.1 8.53 4.4 0.66 24.3 – 

29.9 

15.0 64.0 64.7 8.02 4.5 0.57 14.9 – 

18.3 

20.0 63.0 67.6 8.33 4.8 0.58 13.8 – 

16.9 

25.0 59.2 61.0 8.35 5.0 0.55 10.8 – 

13.2 

Table 4.3: Extracted mechanical properties for each maximum applied load (Pmax) for the 

electrodeposited porous Ni.  Values for relative density and ligament size are also included. 

(1) Mechanical properties extracted according to the method of Oliver and Pharr[98]. 

(2) Mechanical properties extracted according to the methodology described in Section 

4.3.2.3 and in references [99] and [100]. See text for details. 

(3) Relative densities calculated using Eq. 4.9 for open cell porosity[107,108]. See text for details. 

(4) Ligament sizes calculated using Eq. 4.10[110]. See text for details. 

 

4.3.4 Conclusions  

Here we have studied the mechanical behaviour of porous Cu obtained by dealloying 

and porous Ni prepared by electrodeposition, combining nanoindentation 

experiments with finite element simulations. The following are the most remarkable 

conclusions reached during the present study.  
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• For dealloyed porous Cu it has been shown that, as a result of its 

homogeneous structure, mechanical properties such as the reduced indentation 

modulus, hardness and yield stress do not vary significantly with different maximum 

applied loads. This enables to capture the applied load–penetration depth 

experimental indentation curves with a single set of mechanical properties through 

finite element simulations. As no evolution of the mechanical properties was 

observed, densification effects could be essentially disregarded up to 15 mN 

maximum applied load.  

• For electrodeposited porous Ni, the reduced indentation modulus and 

constraint factor decrease with the maximum applied load, while hardness stays 

constant. This variation of the mechanical properties precludes the use of a unique 

set of mechanical properties to fit the entire applied load–displacement indentation 

curves through finite element simulations. Actually, with each set of mechanical 

properties it is, at most, only possible to capture through finite element simulations 

the corresponding maximum load and the unloading stage, but not the loading stage. 

This is due to the inherent structure heterogeneity of the sample.  

• Concerning the evolution in the mechanical properties of electrodeposited porous 

Ni, the reduction of the indentation modulus and constraint factor with Pmax can be 

understood from the increase of the porosity with depth, but this is in principle 

contradictory with the constancy of hardness and the increase of yield stress. To 

overcome this paradox, the critical role played by the ligament size was taken into 

account. The very small ligament sizes act similar to the small crystallite sizes in the 

Hall-Petch relation, in the sense that as the ligament size is reduced the yield stress 

increases. SEM images indeed reveal that while the porosity is increased, the 

ligament size is reduced across the electrodeposited porous Ni sample.  
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Chapter 5: General discussion  

In this thesis relatively-thick Cu-Ni foam films were prepared by electrodeposition 

taking advantage of hydrogen co-evolution as a source of porosity. Strictly speaking, 

the term “foam” applies to a special class of cellular metals that originate from 

liquid-gas mixtures (typically aluminum). Closed-cell foams consist of trapped gas 

bubbles formed during the foam's expansion and cure. In open-cell foams, the 

blowing agent gas is not trapped by the forming cells but instead is released to the 

atmosphere during foam expansion and curing. The foam cells have "holes" in their 

walls, enabling them to interlock and interconnect. The spaces within the cells are 

filled with atmospheric air, much like a sponge. The term “foam” has nowadays 

expanded its meaning and it is used to refer to highly porous metallic materials 

processed using different approaches. The here-synthesized Cu-Ni films are close to 

the open-cell foams type. The micron-sized spherical pores form as a result of 

hydrogen bubbles continuously evolving during electrodeposition. Contact angle 

measurements showed that the Cu-Ni foams are superhydrophobic, featuring 

contact angle values larger than 150. Although hydrophilic surfaces typically show 

enhanced HER properties compared to their hydrophobic counterparts, we have 

shown that the Cu-Ni films did exhibit remarkable HER properties. It is conjectured 

that the large surface area arising from their spongy morphology overcomes the 

possible negative effects due to their superhydrophobic character. The formation of 

bi-phase deposits instead of a solid solution (i.e., an alloy) afforded room-

temperature ferromagnetic properties to the material in spite of the large Cu 

contents (ranging from 65 at% to 85 at%). 

These porous Cu-Ni films were coated with a continuous shell of ZnO nanoparticles. 

In this way, the metallic films serve as scaffolds. The coating procedure is facile and 

simply consists in depositing dropwise a dispersion of the ZnO nanoparticles 

previously synthesized by sol-gel onto the Cu-Ni scaffolds. Since no thermal 

annealing is required to obtain the composites and, hence, possible oxidation of the 

Cu-Ni matrices is avoided, their magnetic properties were preserved. Furthermore, 
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annealing often causes collapse of porous networks. Depending on the properties 

one wishes to exploit, different transition metal oxide nanoparticles could be 

synthesized by sol-gel or similar methods. In our case, ZnO was chosen in order to 

confer photoluminescent and photocatalytic properties to the material. The higher 

the number of successive depositions, the thicker the coating is. Although the Cu-Ni 

walls became covered by a ZnO skin and, therefore, the nanopores forming the walls 

were no longer visible, the spherical micropores remained. As a result, 3D porous 

ZnO@CuNi semiconductor-metal films were straightforwardly obtained. The method 

could be improved by implementing a sophisticated set-up to deposit the ZnO 

nanoparticles suspension onto the Cu-Ni films in order to avoid manual dosage, 

which always increases uncertainty.  

A more conformal, much thinner coating (5 nm – 25 nm) was achieved by atomic 

layer deposition (ALD). In this case, electrodeposited Ni films instead of Cu-Ni films 

were used as porous scaffolds. Compared to the ZnO-coated Cu-Ni films, the 

hierarchical porosity of the Ni films was preserved. Two different metal oxides, 

namely Al2O3 and Co2FeO4, were deposited on the 3D porous Ni films. ALD 

conditions were optimized so that the nanolayers finely covered the metallic matrix 

in a conformal manner while its eventual oxidation was minimized. The work was 

conceived more as a proof-of-concept of the capabilities of the electrodeposition-

ALD tandem, rather than as a means to trigger new or improved properties for the 

resulting composites. Nevertheless, the versatility of the combined synthetic 

approach in terms of materials composition suggests that multifunctional exotic 

porous composites could be readily fabricated.  

The possibility to detach the composite porous films from the substrate for certain 

applications remains an open issue. Mechanical detachment of the layers from the 

substrate is usually unfavorable. Although not attempted in this Thesis, Cu-Ni and Ni 

porous films could in principle be prepared by electroforming. In electroforming, a 

thick layer of material is electroplated until the material itself is strong enough to be 

self-supporting. 
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Nanoporous (or more specifically mesoporous) Ni films were obtained from aqueous 

electrolytes containing Pluronic P123 amount above its critical micellar 

concentration. Compared to Ni films obtained from the hydrogen bubble template-

assisted electrodeposition, the pore size was much smaller, falling in the mesoscale 

domain. Pore size was not homogeneous, though, but pores were smaller and pore 

wall (i.e., ligament size) was thicker close to the film’s surface. Hence, films showed 

a graded mesoporosity. By combining nanoindentation experiments at different 

maximum applied loads with finite element simulations, it was observed that films 

showed a decrease in the reduced Young’s modulus and constraint factor, an 

increase in yield stress and a constant hardness when the maximum applied load 

during nanoindentation was increased. The reduction of both the Young’s modulus 

and constraint factor was related to the increase of the porosity with depth. The 

trends in hardness and yield stress were interpreted in terms of ligament size. The 

very small ligament sizes act similar to the small crystallite sizes in the Hall-Petch 

relationship, in the sense that as the ligament size is reduced the yield stress 

increases.  

Besides porous films, the possibility to produce 1D nanostructures by 

electrodeposition was also considered in this Thesis. Tri-segmented nanowires (NWs) 

containing two ferromagnetic segments (CoPt and Ni) with dissimilar coercivity 

separated by a non-magnetic spacer (Cu) were deposited inside the channels of a 

polycarbonate (PC) membrane. The tri-segmented CoPt/Cu/Ni NWs exhibited a 

staircase-like hysteresis loop with tunable shape that depended on the relative 

length of the Ni and CoPt segments and the respective values of saturation 

magnetization. A new strategy based on an antiparallel alignment of segments’ 

magnetization was proposed to minimize magnetic interactions between NWs 

dispersed in a fluid. Note that aggregation can be a serious shortcoming in biological 

or catalytic applications since it might worsen overall performance of the NWs. The 

antiparallel alignment was achieved by applying suitable magnetic fields while the 

NWs were still embedded in the PC membrane. In such antiparallel alignment, zero 

remanent magnetization (fully compensated NWs) is achieved provided that the 

lengths of the CoPt and Ni segments are accurately tuned. Analytic calculations 
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demonstrated that the interaction magnetic energy from fully-compensated tri-

segmented NWs with antiparallel alignment is reduced compared to a single-

component NW with the same length or the tri-segmented NWs with the two 

ferromagnetic counterparts parallel to each other.  

A simple and powerful model to calculate in a time-effective manner the collective 

magnetic response of large arrays of tri-segmented magnetic NWs was devised. The 

model is based on a coarse discretization of the NWs in which each box is 

considered as a single magnetic dipole. The model is capable of predicting the 

distances over which nanowires do not interact appreciably with their neighbors. In 

addition, it proves that NWs made of segments of different coercivity and saturation 

magnetization can be used to attain antiparallel or parallel magnetic alignment, in 

agreement with the experimental findings in CoPt/Cu/Ni NWs. These results are 

interesting in applications like magnetic sensors based on the GMR effect and other 

applications based on multiple magnetic states (e.g. multi-bit recording media). 

Further experimental work on the segmented NWs highlighted the importance of 

the crystallographic structure and the texture for the formation of robust segment 

interfaces. Under our electrodeposition conditions, Cu was deposited in the face-

centered cubic (fcc) structure and showed a strong (200) texture. As a result, Cu 

segments did not accommodate well on the CoPt ones, which showed the c-axis 

oriented hexagonal close-packed structure. Instead, when the Cu segment was 

absent, well-connected CoPt/Ni NWs with smooth interfaces were obtained. In this 

case, a structural equivalence holds between (002) hcp CoPt and (111) fcc Ni, which 

results in good quality junctions. When the PC template was removed, some of the 

CoPt/Cu/Ni NWs broke up through the defective CoPt/Cu interfaces, whereas the 

CoPt/Ni NWs remained intact. Surprisingly, magnetic measurements reveale that 

CoPt/Ni NWs also exhibit staircase-like hysteresis loops similar to the tri-segmented 

CoPt/Cu/Ni NWs. The occurrence of staircase-like hysteresis loops indicates that 

interfacial exchange interactions between the soft and hard counterparts are not 

sufficient to force a simultaneous magnetization reversal of both segments. 
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From a very general perspective, this Thesis tackles different synthetic approaches 

to obtain multi-phase composite materials with very controlled geometry based on 

the use of parent templates to be subsequently filled (or coated) with second phases 

of interest, in view of widespread functional applications. On the one hand, porous 

metallic frameworks, prepared by electrodeposition, are used as parent templates 

and filled/coated with different types of oxide materials. On the other hand, 

electrodeposition is used to fill the pores of a non-metallic parent template with 

metals, to obtain multi-segmented nanowires. Thus, the use of porous materials and 

electrodeposition is at the heart of all the studies presented in this Thesis. Also, all 

studies have in common the presence of Cu and Ni, utilized in very dissimilar 

morphologies and for very different purposes.  
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Chapter 6: Conclusions  

A diagram of the overall work conducted in this Thesis is shown below. 
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1. Bi-phase Cu-rich Cu-Ni magnetic metallic foam films (MMFs) have been 

fabricated by one-step galvanostatic electrodeposition from acidic electrolyte 

containing Cu (II) and Ni (II) sulfate salts and acetic acid as hydrogen bubble 

stabilizer. The hydrogen bubble template is found to confine nucleation events 

resulting in films exhibiting phase separation. The synthesized Cu-Ni MMFs 

display ferromagnetic behavior at even large Cu contents thanks to the 

occurrence of phase-separation. 

2. The Cu-rich Cu-Ni MMFs display enhanced composition-dependent 

electrocatalytic activity towards hydrogen evolution reaction (HER) over pure 

Cu and Ni porous films. In particular, the Cu85Ni15 MMF shows the highest 

specific activity.  

3. The Cu-Ni MMFs have been infiltrated with a suspension containing ZnO 

nanoparticles previously synthesized by sol-gel. The synthesized hybrid porous 

layers exhibit an interesting combination of ferromagnetic (arising from Cu-Ni 

scaffold) and photoluminescent (arising from ZnO) properties. The ZnO@CuNi 

hybrid films are active towards the photodegradation of Rhodamine B under 

UV-vis light irradiation.  

4. Hydrogen bubble template-assisted electrodeposition has been also utilized to 

synthesize porous Ni films. The hierarchically porous Ni films have been 

conformally coated with Al2O3 and Co2FeO4 nanolayers by atomic layer 

deposition (ALD). The as-deposited Al2O3 layer is amorphous, while Co2FeO4 is 

polycrystalline with fcc structure. The applied ALD coatings make the material 

surfaces slightly more polar. 

5. In both cases, ZnO@CuNi and Ni supported Al2O3 and Co2FeO4, the inherent 

porosity of the initial Cu-Ni and Ni films, as well as their ferromagnetic 

properties, are preserved. Hence, both sol-gel coating and ALD can be used as 

post-treatment coating methods of porous metallic scaffolds.   

6. Arrays of tri-segmented CoPt/Cu/Ni nanowires are synthesized by sequential 

electrodeposition in PC membranes. Magnetic measurements reveal the 

occurrence of stair-case-like hysteresis loops, resulting from the two different 

coercivities of the hard (CoPt) and soft (Ni) ferromagnetic segments. 

Antiparallel magnetization alignment of CoPt and Ni segments can be achieved 
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by applying a suitable magnetic field while the nanowires are still embedded in 

the PC membrane. In this way, the magnetic interaction between nanowires 

should be effectively reduced when released from the membranes.  

7. Theoretical studies have been used to predict the optimum aspect ratio of the 

different segments in the multi-segmented NWs in order to circumvent dipolar 

interactions in multi-state magnetic recording applications. 

8. The impact of the crystallographic texture of Cu and Ni on the quality of 

segment interfaces in CoPt/Cu/Ni and CoPt/Ni NWs is remarkable.  The as-

deposited (200) textured fcc structure of Cu cannot accommodate well on the c-

axis oriented hexagonal close-packed CoPt. As a result, defective CoPt/Cu 

junctions are observed. Meanwhile, Ni shows the (111) fcc structure, which 

crystallographically matches with CoPt. In particular, the densest packing 

fashion along [111] orientation of fcc phase matches the [001] oriented hcp 

planes.  

9. Nanoporous Ni film with graded porosity has been deposited by potentiostatic 

electrodeposition using P123 as a structure direct agent. The films show 

different nanomechanical response as a function of the maximum applied load 

during nanoindentation. Namely, the reduced Young´s modulus is found to 

decrease and the yield stress to increase as the maximum applied load is 

increased. However, hardness remains constant.   
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Chapter 7: Future perspectives 

New exciting perspectives are envisaged on the basis of the results achieved in this 

Thesis. In the following, issues which deserve more attention and directions for 

future research are briefly overviewed: 

 P123 template-assisted electrodepositon method has been successfully 

applied only to the synthesis of mesoporous metallic layers consisting of a 

single element (Pt, Bi, Ni, Sn, Au, Cu, Zn…[1-6]) or alloys comprising two noble 

metals (in fact, PtRu is the only example reported so far[7]). Little is known 

about the synthesis of mesoporous alloys made of non-noble metals using 

this strategy. Currently, the fabrication of pseudo-ordered mesoporous CuNi 

alloy films by electrodeposition from P123 surfactant containing electrolytes 

is under progress. From the properties viewpoint, a comparison on the 

hydrogen evolution reaction (HER) performance between mesoporous CuNi, 

mesoporous Ni (section 4.3), macroporous Cu-Ni (section 3.1) and fully-

dense Ni films could be drawn. Such comparison would provide useful 

information on the influence of the textural properties of deposits (surface 

area, pore size and volume) on the HER properties. 

 The work on the atomic layer deposition (ALD) as a means to conformally 

coat the macroporous Cu-Ni films with transition metal oxides could be 

exploited to the full. For example, ALD could be applied to the nanoporous Ni 

films presented in section 4.3 and to other metallic frameworks in order to 

produce novel metal-ceramic nanocomposites. The thickness of the ALD 

coating could be systematically varied in order to study its influence on the 

properties of the material.  

 The possibility to use multisegmented nanowires (NWs) for multi-bit 

magnetic storage could be implemented from an experimental point of view, 

based on the predictions of the theoretical modeling presented in this Thesis. 

The main challenge is to increase the areal density of NWs while preserving a 

small NW diameter, thus minimizing dipolar magnetic interactions and 
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allowing for an enhanced areal density of information. For this purpose, the 

polycarbonate templates should be replaced by other types of templates (for 

example anodized aluminum oxide membranes), which in turn should stand 

the electrodeposition conditions needed for the growth of the different 

segments. The obtained NWs could consist of as many segments as possible, 

provided that the coercivity of each segment is different than in the others, 

rendering staircase-like hysteresis loops with multiple steps. The amount of 

magnetic states that could be stored per NW would be directly proportional 

to the number of ferromagnetic segments. 

 The growth of porous segmented NWs by template-assisted 

electrodeposition is also very appealing. Although much work has been done 

for dense segmented NWs of porous single-phase (i.e., non-segmented) NWs, 

the possibility to produce segmented porous 1D architectures would 

certainly be a huge step forward.  For example, porous CoPt/Ni and 

CoPt/Cu/Ni NWs could be electrochemically synthesized from solutions 

containing non-ionic surfactants and afterwards an antiparallel alignment of 

the magnetization could be set for their magnetic CoPt and Ni segments. In 

this way, the resulting structures could host several drugs in their 

nanoporous skeleton. The NWs could be efficiently used as nanorobotics 

platforms in biomedical applications. In particular, they could be 

maneuvered toward the targeted tissue using external magnetic fields and 

release their cargo at the site. Thanks to the antiparallel alignment of their 

segments, eventual agglomeration in the body fluid would be precluded. 

Cytotoxicity analyses should be carried out owing to the potential toxicity of 

cobalt, copper and nickel ions. 
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